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SUMMARY 
This work is concerned with the experimental determination of 





K at pressures up to 120 atmospheres, 
and the examination of a number of methods used to predict or 
correlate the data. 
Determinations of the equilibrium gas phase and liquid phase 
compositions were carried out in a single -pass, flow type, equilibrium 
apparatus previously described by Kirk.
2,3 
No determination was 
made of the solid phase composition, though thermodynamic arguments 
based on the measured locus of the three-phase lines of the two sys-
tems and the melting curve of pure argon indicated that the solid 
phase was essentially pure argon. 
In the argon-helium system, gas phase compositions were deter-
mined at 68.07° , 7+.05°, 77.90° , and 80.06° K at pressures up to 120 
atmospheres for the gas-solid region; in the gas-liquid region, com-
positions are reported for both phases at 86.02 ° , 91.98° , 97.51° and 
108.02° K at pressures up to 120 atmospheres. In the argon-hydrogen 
system gas compositions are reported at 68.o4 ° , 73.05 ° , and 79.01° K 
at pressures up to 110 atmospheres, and compositions for the liquid 
and gas phases were determined at 86.95 ° , 94.21° 99• 95 ° and 105.01° K 
at pressures up to 120 atmospheres. In the argon-helium system, the 
gas phase compositions are estimated to be accurate to ± 3 per cent of 
xx 
the mole fraction of argon; in the argon-hydrogen system the gas phase 
compositions are estimated to be accurate to ± 2 per cent of the mole 
fraction of argon. The solubility of helium or hydrogen in liquid 
argon is estimated to be accurate to ± 2 per cent of the mole fraction. 
Temperatures are accurate to ± 0.03 0 K and pressures to ± 1/2 per cent 
for each point. The three-phase line for each of the two binary sys-
tems has been determined for pressures up to 120 atmospheres with an 
estimated uncertainty of ± 0.05 0 K and 1/2 per cent of the reported 
pressure. Four points were determined for the melting curve of pure 
argon up to 120 atmospheres. 
A total of 357 different samples were analyzed for the equili- 
brium phase compositions; based on these, a selected value is reported 
at each different pressure measured on an isotherm. These selected 
experimental phase equilibrium data are represented by analytical 
functions derived from a least squares surface fit. This method, which 
utilizes functions made orthogonal with respect to the data sets, was 
adapted from Bain. 1  The independent variables chosen to represent the 
thermodynamic surfaces are the difference between the total pressure 
and the vapor pressure of argon, (P- 
P01), 
 and the reciprocal absolute 
temperature, (0). For the gas phase compositions the dependent 
variable is (Log 0/(P-p 01 ) where is the enhancement factor, 
(PY1/P01)' and y1 
is the mole fraction of argon in the gas phase. For 
the liquid phase compositions, the dependent variable is Log(K)-2, 
where K is a Henry's law constant, ((P-  P01)/x2)' and x2 is the mole 
fraction of either helium or hydrogen in the liquid phase. The average 
xxi 
deviation of (Log W(P-p 01) from the experimental values is 5.3 x 10-5 
for argon-helium and 2.9 x 10 -5 for argon-hydrogen. The corresponding 
values of the standard error of estimate are 6.5 x 10 -5 for the 47 
argon-helium points and 3.7 x 10-5 for the 43 argon-hydrogen points. 
The average deviations of Log K from the experimental values is 0.0016 
for the 23 helium-argon points and 0.0011 for the 23 hydrogen-argon 
points. The corresponding values of the standard error of estimates 
are 0.0021 and 0.0017. 
The value of the Henry's law constant at infinite dilution is 
reported based on the values calculated from the least squares surface 
fit. In addition, values are reported for the infinitely dilute 
A 
Henry's law constant defined by K = (Py 2/x2 ). 
A comparison is made of the experimentally determined gas and 
liquid phase compositions with the results of previous investigators. 
The data for the solubility of helium in argon found in the present 
work agree within ± 5 per cent of the data of McCain
51 
 below 120 ° K 
with the exception of his lowest point at 99.92° K which appears to 
be in error. The Henry's law constants extrapolated to low pressure 
do not agree with the results of Karasz 36 ' 37 between 84.05 ° and 
87.53° K being about two to three times greater. The gas phase compo-
sitions for the argon-helium system do not agree with the dew-point 
data of McCain which appear to be in error by as much as 40 per cent 
in the region of overlap (99.74 ° -108.02° K). The solubility of hydro-
gen in liquid argon determined in the present work agrees well with 
the data of Volk and Halsey
78 at low pressures, but differs by as much 
as 15 per cent at 101 atm, the highest pressure reported by Volk and 
Halsey. There appears to be no published data for the equilibrium gas 
phase composition in the argon-hydrogen system. 
The experimentally determined three-phase lines, and liquid 
phase compositions are used in conjunction with reported values of 
solid and liquid heat capacity, heat of fusion, and the normal melting 
curve of pure argon to determine the activity coefficient of argon in 
the liquid phase along the three-phase line. These values assume that 
the equilibrium solid consisted of pure argon. 
The prediction of gas phase compositions is examined for the 
Benedict-Webb-Rubin and the virial equations of state assuming that 
the condensed phase is an ideal solution, and in the solid-gas region 
that the solid is pure argon. For the argon-helium system the pre-
dictions are limited to the virial equation of state. 
For the virial equation of state, the second virial coefficients, 
B11 and B22 , and the second virial interaction coefficient, B 12 , are 
calculated utilizing two theoretical models, the Lennard-Jones (6-12) 
intermolecular potential function and the Kihara core model with a 
(6-12) intermolecular potential function. For the Lennard-Jones (6-12) 
model the second virial coefficient of helium and hydrogen and the 
interaction coefficient, B 12 , are calculated from parameters fitted 
both without and with translational quantum corrections. Translational 
quantum corrections are made for the second virial coefficient of 
helium, hydrogen and the second virial interaction coefficient, B12 , 
calculated from the Kihara core model. The third virial coefficient 
and all interaction coefficients are calculated from the Lennard-Jones 
(6-12) classical model. 
In addition to the theoretical methods of calculating the second 
and third virial coefficients, one generalized method attributed to 
Pitzer and coworkers
6o 
and later extended by Prausnitz and Gunn
64 
for 
mixtures, is examined. This generalized approach, based on the princi-
ple of corresponding states, uses as reducing parameters the critical 
temperature, critical volume, and the acentric factor. The acentric 
factor, which is a measure of the deviation from a "simple" fluid, is 
taken to be zero for hydrogen and helium and a set of pseudo critical 
values is used for the critical temperature and volume. 
Kirk
42 
had previously found that the best methods of predicting 
the enhancement factor of methane in hydrogen were ones which utilized 
the theoretical methods of determining the second virial coefficients 
and the second virial interaction coefficient and the Benedict-Webb-
Rubin equation for predicting the remaining terms. A number of these 
"hybrid" methods are examined here for the argon-hydrogen system and 
found to be in good agreement with the experimental data at all pres-
sures up to 120 atm. 
Constants for the Benedict-Webb-Rubin equation of state were 
evaluated for hydrogen and argon. No previous values have been report-
ed for argon, and none have been previously reported for hydrogen 
utilizing the recent PVT data of Goodwin and co-workers
31 for para-
hydrogen. The constants for argon were obtained by a least squares 
fit of the compressibility factor, (PV/RT), to the PVT data of 
Michels et a1.,
54 
restricted to fit the experimental critical data of 
xxi v 
Michels. One of the constants, C o , is adjusted such that the vapor 
pressure of argon is predicted by the equation of state down to the 
triple point (83.81° K). The constants for hydrogen were not res-
tricted to fit the critical point nor adjusted to fit vapor pressure 
data. 
The feasibility of using the Benedict-Webb-Rubin equation of 
state to predict both the gas and liquid phase equilibrium compositions 
is examined. It was found that by adjusting slightly the value of y, 
one of the equation of state parameters for hydrogen, the equation of 
state would predict the gas compositions within f 15 per cent of the 
mole fraction of argon and the liquid compositions within ± 8 per 
cent of the mole fraction of hydrogen between 86. 950 and 105.01° K 
and pressures up to 110 atmospheres. 
From the experimental values of the enhancement factor and the 
liquid compositions, the values of the second virial interaction 
parameter B
12 
were determined for argon-helium and argon-hydrogen. 
These values are presented at the temperatures of the experimental 
isotherms and are essentially independent of the values of B
11 
and B22' 
The values of B
12 
obtained are compared with the various methods used 
to predict B12 and other limited experimental data. 
A method of correlating the gas phase compositions of the argon-
helium system developed by Mullins and Ziegler59 is examined and found 
to predict the gas phase compositions within ± 5 per cent of the mole 
fraction of argon over the range of temperatures and pressures measured 
in the present work. This method utilizes the virial equation of state 
XXV 
with the second virial coefficients calculated from the Kihara core 
model, but with an adjusted mixture rule to obtain the second virial 
interaction coefficient, B12 . 
CHAPTER I 
INTRODUCTION 
Background and Statement of Problem  
This work is a continuation of an investigation begun in 1958 in 
this laboratory of phase equilibria in binary systems in which one com-
ponent, hereafter referred to as component 1, is well below its critical 
temperature and the other component, hereafter referred to as component 
2, is above its critical temperature. Such a system usually results in 
very low concentrations of the gas dissolved in the condensed phase, and 
for many purposes the condensed phase may be considered to be pure com-
ponent 1. A summary of a number of methods of predicting the gas phase 
composition in systems in which the condensed phase could be considered 
pure was presented by Kirk, Ziegler and Mullins
44 
at the 1961 Cryogenic 
Engineering Conference with particular application to the methane-hydro-
gen system. The results of this investigation pointed out the need for 
better experimental data in the methane-hydrogen system before an unam-
biguous choice could be made between the several prediction methods. 
As a result of this conclusion, Kirk constructed an apparatus for the 
determination of phase equilibria in binary systems of this type and 
reported the results for the methane-hydrogen system from about 67° to 
116.5 ° K, at pressures up to 125 atmospheres.
42 
His results and the 
results of Hiza and Herring, 35 done concurrently, agree well. As a 
result of this agreement, phase equilibria in the methane-hydrogen 
2 
system appears to present now a reasonable test for methods of predic-
tion. This agreement also lends confidence to results obtained from 
the apparatus of Kirk.
42 
The availability of an apparatus which could be used to deter-
mine phase equilibria in binary systems with an accuracy of about 
± 2 per cent of the mole fraction of the minor component in the liquid 
and gas phase led quite naturally to a continuation of an experimental 
program as well as to the program to predict phase equilibria. 
Selection of Systems to Study  
An ideal system to study would be one with technical, as well as 
theoretical importance, and one which might be suitable for generaliza-
tion to other similar systems and ultimately to ternary and multicom-
ponent systems. For example, a study of the binary system argon-hydrogen 
might lead to an attempt to predict the argon-methane-hydrogen system 
utilizing the hydrogen-methane data of Kirk.
42 
Before predicting phase 
equilibria in multicomponent systems with much success, one must neces-
sarily be able to describe the binary combinations. 
Perhaps more for theoretical than for technical reasons, the two 
binary systems argon-helium and argon-hydrogen were selected for study. 
In addition to their theoretical importance, the choice of these two 
systems was influenced by a number of practical considerations such as 
the availability of the gases with very high purity at low cost, and the 
ease with which analyses of the gas samples could be made on the avail-
able, existing, analytical apparatus. Several systems of technical as 
well as theoretical interest, such as the helium-methane, hydrogen-nitro- 
3 
gen and helium-nitrogen were discarded because either existing data 
seemed adequate or else measurements were in progress by other 
investigators. 
The range of the measurements in this work was also based 
primarily on a number of practical considerations. The argon-helium 
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The maximum pressure, 120 atmospheres was the upper limit which could 
be easily reached using gas or gas mixtures prepared from commercial 
cylinders. The upper temperatures were dictated by the ease with which 
the apparatus could be operated without an additional modification in 
the form of a recirculating pump. The lower temperature was just 
slightly higher than the minimum temperature obtainable using liquid 
nitrogen as the cryogen. 
Work Done by Other Investigators  
There have been no direct measurements of phase equilibria for 




 in this laboratory, has measured the dew and bubble points for 




K at pressures 
36,37  up to 70 atmospheres. Karasz, 
36,
has indirectly determined values 
for the solubility of helium in argon from 84.05 ° to 87.53° K at 
partial pressures of helium less than 1 atmosphere. This method in-
volved adding measured quantities of helium to a cell containing a 
known quantity of argon and agitating until equilibrium was reached. 
From a material balance, and the assumed ability to accurately calculate 
4 




gas volume and the composition of the gas phase, 
the amount of helium dissolved in the liquid argon. 
have determined the solubility of hydrogen in liquid 
argon from 87o to 140 0 K at pressures up to 101 atmospheres using a 
method similar in principle to that of Karasz described above. The 
agreement of these various reported values with the results of this 
work are discussed in Chapter III. 
General Thermodynamic Relations  
Gas-Condensed Phase Enhancement Factor Relations  
A useful term for describing the gas phase composition in equili-
brium with a condensed phase, in the type of system considered here, is 
the enhancement factor. The enhancement factor is here defined as 
PYi 
p01 
An exact thermodynamic relation for predicting the enhancement factor is 
given by Equation (I-2). 
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The derivation of this ecua.tion is included in Appendix G. This equa-
tion has been reported in similar form by a number of authors. 
Dokoupil et al.
25 
have given a similar equation, although they did not 
show the derivation and also did not include the term in y ixi , which 
5 
accounts for the solubility of the gas in the condensed phase. The 
derivation of the equation of Dokoupil et al. is given by Kirk.
42 





by Beattie and Stockmayer. In that equation pressure is the indepen-
dent variable rather than volume. A derivation of the pressure impli-
cit equation has also been given by Dokoupil et al.
25 
except that the 
condensed phase was assumed to be pure. 
Evaluation of Equation (I-2) requires an equation of state for 
the pure condensed phase, an equation of state for the pure component 1 
gas, an equation of state for the gas mixture and a knowledge of the 
composition and activity of component 1 in the condensed phase. The 
first integral in Equation (1-2) refers to the molal volume of the pure 
condensed phase. Here the molal volume of solid argon is assumed in-
compressible, and the molal volume of pure liquid argon is represented 
by the following polynomial. 
vl = a 
	
b (P-P01) 	c(P-p01) 
2 
Evaluation of the first integral in Equation (1-2) is then given by 
P 
	
) 	b ( 1, 	)2 	
(P 
31 1 	v dP 	1 ta(P-D 
RT 1 RT 	- 01' " -POI' 7 	-P )ol J 	(I-4)  
p01 
The second integral, which involves only pure component 1 gas, 
and the value of Z01 , the compressibility of pure component 1 gas at 
its normal vapor pressure, p01 , were evaluated in all cases considered 
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Substitution of Equations (I-4) and 1-6) into Equation (1-2) 
yields the following result. 
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(1-7) 
Values of the second and third virial coefficient of component 1 were 
calculated from the same equation of state used to compute the proper-
ties of the gas mixture. 
The evaluation of the integral, involving the properties of the 
gas mixture, is accomplished using various equations of state in Chapter 
VI. The correct evaluation of this integral is one of the primary 
objectives of this work. All of the other terms combined probably pro-
duce less than five per cent error in the enhancement factor except 
possibly at the highest temperatures and pressures in the argon-hydrogen 
system. 
The last term, ln ' 1x1 , was evaluated from experimental data for 
the liquid phase composition and the assumption that y i = 1, i.e., that 
7 
the solution is ideal. Information gained from freezing point studies 
indicated that 	probably did not vary by more than 3 per cent from 
unity at concentrations of dissolved hydrogen up to about 11 per cent 
and much less than 1 per cent at all concentrations of helium in argon 
encountered in this work. 
Henry's Law Constant  
The enhancement factor described in the previous section is a 
relatively new parameter for describing the gas phase composition, but 
the solubility of component 2, in the liquid phase has for a number of 
years been widely expressed in terms of Henry's law. The more exact 













This parameter given by Equation (I-9) can be more conveniently used to 
correlate liquid phase data since it requires no knowledge of the gas 
composition. A number of relations involving H ° and K and other forms 
of Henry's law are given in Appendix E. 
Prediction of Phase Equilibria Using a Single Equation of State to  
Represent Both Phases 
Rather than treating the gas phase and liquid phase separately, 
a single equation of state that is capable of representing the proper-
ties of both phases may be used. Historically, the van der Waals 
equation of state was the first equation of state used to predict the 
8 
properties of both liquid and gas phases. This simple two-parameter 
equation does give qualitative results for the gas and liquid phases 
of a pure substance. An equation of state which was developed to 
predict phase equilibria in hydrocarbon systems is the Benedict-Webb-
Rubin equation of state. 6 If an equation of state can be written as 
a function of density, temperature and composition, the following 
equations must be satisfied to predict phase equilibria at constant 
temperature in a binary system. 
P(P IT.J11 ,x1 ) = P(P TG1 -1 ,Y1 ) 	 (I-10) 
—L L 	—G G 
f1 (Pm' x1 ) = f1 (Pm' Y1 ) 	
(I-11) 
-L L 	—G G 
f2 (Pm' x1 ) = f2 (Pm' Y1 ) 	 (I-12) 
Since there are three equations with four independent variables, it is 
necessary to specify one additional condition. In Chapter IV and in 
Appendix E the method of solution used in the present work is described. 
After initially calculating the vapor pressure of pure argon, the values 
of the liquid and gas phase compositions were calculated at selected even 
pressures greater than the vapor pressure of argon. 
Activity Coefficient of Argon in the Liquid Phase from Freezing  
Point Depression  
If the solid phase in equilibrium with a solution of liquid argon 
and helium or hydrogen is assumed to be pure argon, the activity of the 
argon in the liquid phase may be calculated from the freezing point 
depression at constant pressure. 
From Prigogine and Defay, 68 
9 
















melting point of pure argon, 
Tmp = observed melting point of the solution, 
h




 = enthalpy of pure solid argon at T. 
( 1-13) 
If the enthalpy of argon is referred to the solid at the triple point 
(T0 ,41), the following expressions result for the enthalpies of the 
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The last term of Equations (I-14) and (I-15) are extremely small and may 
be neglected. The values of Bo and B
s are assumed constant over the 
range of interest. Integration of Equation (I-13) then results in the 
following expression for the activity coefficient of argon in the 
liquid solution. 
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The experimental apparatus used to determine the phase equili-
brium data in this work has been described in detail by Kirk
42 
and in 
less detail by Kirk and Ziegler.
3 
The single-pass, flow-type device 
is shown schematically in Figure 1. The description of the system will 
be discussed in terms of the argon-hydrogen system, following very 
closely the description of Kirk and Ziegler.
3 
In addition to being 
used here to determine the gas phase and liquid phase compositions of 
the two binary systems as a function of temperature and pressure, the 
apparatus was also used to determine the locus of the three-phase line 
up to about 120 atmospheres pressure. The apparatus was primarily 
designed for the measurement of phase equilibria in binary systems in 
which the temperature is well below the critical temperature of one 
component and near or above the critical temperature of the other 
2 
component. As Kirk points out, the apparatus could be modified by 
the addition of a recirculating pump to permit the determination of 
phase equilibria in systems in which the critical temperatures are 
closer together and also for multicomponent systems. 
High pressure hydrogen or an argon-hydrogen mixture is admitted 
to the high pressure panel where the pressure is regulated and measured. 











































I POWER SUPPLY 
GAS SAMPLE 
Figure 1. Schematic Diagram of Phase Equilibrium Apparatus. 
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The phase equilibrium cell assembly is suspended in a copper block cryo-
stat, which is maintained at the desired temperature. The temperature is 
measured using one of several thermometric instruments. The gas, after 
passing through the phase equilibrium cell assembly, may pass in either 
of two directions; through the sample collection panel where portions 
may be collected for subsequent analysis in the gas chromatograph labeled 
154(B) in Figure 1, or else directly to gas chromatograph 154(D) for 
analysis. Flow rates are controlled by a needle valve and measured with 
a wet-test meter. In the liquid-gas region, samples of the liquid may be 
withdrawn and collected on the sample collection panel for analysis. 
The heater power supply furnishes direct current to a number of 
heaters which may be used in normal operations. 
Cryostat  
The type of cryostat used here is generally referred to as a 
copper block cryostat. A massive hollow cylinder of copper and brass, 
referred to here as the copper block, is suspended inside an evacuated 
container which is filled with a powder insulation. Suspended from the 
copper block is a reservoir for the cryogen, in this case nitrogen. The 
phase equilibrium cell is contained inside the hollow of the copper 
block, being thermally secured to its base with solder. By means of a 
differential pressure regulator, the pressure in the cryogen reservoir, 
suspended beneath the copper block, is maintained slightly higher than 
the pressure on the exit side of a throttling valve on a line leading 
from the copper block. The cryogen reservoir is connected to the 
annular space, partially filled with copper wool, between the phase 
equilibrium cell and the copper block by a small capillary tube extending 
to the bottom of the reservoir. At temperatures above the boiling point 
of nitrogen, the refrigerant is injected through the capillary into the 
annular space where the liquid is immediately vaporized. The rate of 
refrigeration is controlled by throttling the vaporized gas through a 
valve in the exit line via a flowmeter. The rate of liquid injection is 
thus controlled by controlling the flow rate of the exit gas. At tem-
peratures below the boiling point of nitrogen the throttling valve is 
opened and the injected liquid does not vaporize immediately but rises 
to a level in the annular space between the liquid reservoir and the 
annular space. The rate of refrigeration is controlled by throttling 
the gas from the boiling liquid to a vacuum pump. 
Temperature is controlled by balancing the slight excess of 
refrigeration with an electric heater wrapped on the base of the copper 
block and controlled by an automatic temperature controller. 
The automatic temperature controller is a photoelectric, propor-
tional device in which the output of a six- or twelve-junction thermo-
pile is balanced against a reference potentiometer. 
In normal operations, this cryostat maintains temperatures con-
stant within ± 0.03 0 K at any point from near room temperature to near 
the nitrogen triple point; no load stability is better. It can be 
operated for about 20 hours without refilling. 
Phase Equilibrium Cell Assembly  
The phase equilibrium cell assembly is shown in Figure 2. It 
consists primarily of a nine pound copper body closed at both ends with 
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Figure 2. Structure of the Phase Equilibrium Cell Assembly. 
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threaded monel plugs sealed with solder. The lower section contains a 
spiral copper insert with a central downcomer. The upper section is 
fitted with graded copper packing (not shown) held in place by a packing 
retainer. The upper and lower gas lines are connected to a spiral-wound, 
counter-current, heat exchanger. The liquid sample line extends directly 
through the upper monel plug to a water heated vaporizer and room tem-
perature sampling valve. 
Temperature and Pressure Measurements 
The primary thermometric instrument is a capsule-type, platinum 
resistance thermometer manufactured by Leeds and Northrup Company. The 
thermometer has a nominal resistance of 25 ohms at the ice point and has 
been calibrated by the National Bureau of Standards. This thermometer, 
labeled "PtRTh," is located in the phase equilibrium cell assembly as 
shown in Figure 2. Measurements of the resistance were made on a Leeds 
and Northrup Company G-2, Meuller Bridge, which has also been calibrated 
by the National Bureau of Standards. All temperatures are reported in 
degrees Kelvin with an assigned ice point of 273.15 ° K. Below 90.18° K 
the temperatures are on the NBS 1955 scale and above 90.18° K are on the 
International Practical Kelvin Scale. 
In addition to the primary thermometer there are two, six-junction 
thermopiles, one located in a well adjacent to "PtRTh," and the other on 
the lower shoulder of the phase equilibrium cell assembly. These are 
used primarily as sensors for the automatic temperature controllers. 




Pressures were measured with two Ashcroft, test quality, eight 
inch dial, mirror scale, bourdon type gauges. One of the gauges was 
graduated from 0 to 600 psig and the other 0 to 3000 psig. The gauges 
were calibrated by Kirk
42 
against a dead weight tester and found to be 
accurate to within 1/2 per cent of the measured pressure over the 
range of pressures encountered in the present work. 
Experimental Procedure 
Gas-Liquid Region  
Approximately 10 cc of liquid argon was first condensed into the 
bottom of the phase equilibrium cell assembly. This was a sufficient 
quantity to bring the liquid level slightly above the constriction in 
the cell and to have about 4 cc above the end of the liquid sample line. 
A slow flow of hydrogen was then bubbled through the liquid via the 
lower inlet and the spiral path. The flow rate of the gas was adjusted 
to approximately 100 cc (at cell T and P) per hour. The flow rate did 
not seem critical except that the slower the flow the longer one had to 
wait for the outlet gas to reach equilibrium. The criteria established 
by Kirk,
42 
which seemed to be more than adequate for all conditions 
encountered here, was to flow enough gas to flush the cell twice after 
the temperature and pressure were adjusted to their final values. 
After equilibrium had been reached, a liquid sample was withdrawn 
through the liquid sampling line, vaporized, and collected for analysis 
on the sample collection board. The remainder of the liquid above the 
end of the liquid sample line was vented. The complete discharge of 
the liquid could be monitored by observing the sudden change in the emf 
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of a six-junction thermopile located across the ends of a small electric 
heater wound on the liquid sample line. 
The liquid level in the phase equilibrium cell at this point was 
known to be just below the end of the liquid sample line. Approximately 
3 to 5 cc of liquid argon as measured in a high pressure gas burette was 
then condensed into the phase equilibrium cell and the pressure adjusted 
for the next determination. 
Gas-Solid Region  
In the gas-solid region, a mixture of argon-hydrogen, which was 
slightly higher in argon content than the equilibrium mixture, was 
introduced into the phase equilibrium cell through the upper gas line. 
The excess argon condensed on the copper packing and the equilibrium 
gas mixture flowed down through the spiral insert and out through the 
lower gas line to the sample collection board. Samples of the gas were 
also withdrawn through the liquid sample line and collected for 
analysis. 
To prevent plugging it was necessary to heat the upper monel 
plug during the run. This resulted in as much as an 0.08° K temperature 
difference along the phase equilibrium cell as determined by a six-
junction thermopile between the upper and lower shoulder of the cell. 
The reported temperature was corrected for this temperature difference. 
Those samples withdrawn through the liquid sample line were corrected 
by 1/2 the temperature difference. 
Three-Phase Line  
For the determination of the locus of the three-phase line, the 
phase equilibrium cell was first completely filled with pure liquid 
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argon as indicated by observing a rapid rise in pressure. This was 
accomplished at a temperature slightly higher than the normal melting 
curve for pure argon. A very slow flow of hydrogen or helium was then 
bubbled through the liquid at constant pressure. The refrigeration 
rate was adjusted to a constant value and the electric heater, normally 
controlled by the automatic temperature controller, was adjusted manu-
ally until a cooling rate of approximately 0.006 ° K per minute was 
established. Since the solubility of helium and hydrogen diminishes 
with temperature at constant pressure in this region, saturation is 
easily established and maintained. Upon reaching the three -phase line 
a very sharp break is noted in the cooling rate, usually followed by a 
slight rise in temperature and then an essentially constant temperature 
for several minutes. Afterwards the temperature drops slowly for a 
considerable length of time. The maximum temperature which occurred 
after the break in the cooling curve was usually taken to be the tem-
perature of the three-phase line at that particular pressure. On at 
least two of the runs the freezing occurred first in the inlet line at 
the bottom of the cell. When this happened the pressure dropped in the 
cell and resulted in a slightly different shape of the cooling curve. 
On these runs the temperature and pressure were assigned at the time of 
plugging. 
Melting Curve of Pure Argon  
The melting curve of pure argon was determined in a manner very 
similar to that described above for the three-phase line. The phase 
equilibrium cell was first filled with pure liquid argon. The pres-
sure was maintained by pure argon gas with both the upper and lower gas 
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inlet lines open. The cooling rate was adjusted to an approximate 
value of 0.006° K per minute. The pure liquid argon usually super-
cooled by about 0.1 ° to 0.2 ° K before freezing. Upon freezing, the 
temperature rose sharply to the melting point and remained constant 
for 5 to 10 minutes, and then fell slowly for a considerable length 
of time. 
Analysis of Gas Mixtures 
General 
Two series 154 Perkin-Elmer Vapor Fractometers, a model 154B 
and a model 154D, were used to analyze the mixtures of argon-helium 
and argon-hydrogen. The gas chromatographs had been slightly modi-
fied by Kirk
42 
to obtain better precision. Only the composition of 
the minor component of the binary systems was determined. The mole 
fraction of the major component was assumed to be the remainder. All 
of the samples from the gas phase, at the equilibrium conditions 
studied, contained argon as the minor component. These were analyzed 
using helium as the carrier gas. The samples withdrawn from the liquid 
phase contained either hydrogen or helium as the minor component. These 
samples were analyzed using argon as the carrier gas. Thus, in only the 
gas phase of the argon-hydrogen system did the major component produce a 
peak on the chromatogram. Both Vapor Fractometers were operated using 
columns packed with Linde 5A molecular sieve. 
The physical arrangement of the sampling system and method of 
operation was such that the model 154B Perkin-Elmer Vapor Fractometer 
was used to analyze the gas phase in the solid-gas region, and the 
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liquid phase in the liquid-phase region. Thus, the model 154D Vapor 
Fractometer was only used to analyze the gas phase in the liquid-gas 
region. 
The samples to be analyzed by the 154B Vapor Fractometer were 
first collected over mercury in glass holders which held up to about 
130 cc. Portions of these samples could then be introduced into the 
gas sampling valve of the 154B Vapor Fractometer. To accomplish this 
the gas sampling valve was first evacuated, the gas mixture introduced 
to a pressure slightly above atmospheric pressure and then vented to 
the atmosphere. 
The model 154D was only usedo analyze the effluent gas from 
the phase equilibrium cell. A continuous stream of gas was provided 
which could be passed directly through the gas sampling valve. A 
stopcock arrangement simply trapped a portion of this gas at slightly 
above atmospheric pressure. The sample was then vented to atmospheric 
pressure before being analyzed. 
Calibration of the Chromatographs  
The chromatographs were calibrated using gas mixtures prepared 
in a gas mixing apparatus described by Kirk.
42 
This apparatus was 
capable of preparing gas mixtures over the concentration range encoun-
tered here with an accuracy of about ± 1/2 per cent of the mole frac-
tion of the minor component. To maintain this calibration, a number 
of "standard" mixtures of the appropriate compositions were prepared 
in small compressed gas cylinders. During the calibration and all 
subsequent analyses, these "standard" mixtures were "analyzed" at 
frequent intervals to correct for small drifts in the calibration 
22 
curve. These "standard" mixtures were prepared with only an approximate 
knowledge of their composition, but during the course of calibration 
became quite accurately known. A more complete discussion of the cali-
bration procedure is given in Appendix B. 
CHAPTER III 
EXPERIMENTAL RESULTS 
Phase Composition Measurements  
General 
The phase equilibrium composition measurements were made, as 
nearly as possible, along isotherms at selected even pressures. 
Normally six different pressures could be determined along an iso-
therm in one day's operation. This number of points was found 
sufficient to define clearly an isotherm. At a particular pressure a 
number of samples were sometimes taken from the gas phase and analyzed. 
These were quite often taken before equilibrium was reached in order 
to observe the rapidity of equilibrium. These are not reported here. 
A total of 357 different samples and 527 analyses are reported in 
Tables 16 through 19 of Appendix C. The number of analyses made on 
each sample varied. If the sample was collected on the sample collec-
tion panel, usually at least two analyses were made. In the case of 
the liquid samples usually only one sample was obtained at each point, 
and therefore two or three analyses were made. In addition to the 
equilibrium compositions, the enhancement factor and Henry's law con-
stant defined by Equations (I-1) and 1-9) are also reported in Tables 
16 through 19 in Appendix C. The vapor pressures used in the calcu-
lations were taken from the appropriate vapor pressure equations, 
Equations (V-1), (V-2), or (V-3). At each point a selected value is 
2 3 
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given of the temperature, pressure, composition and either an enhance-
ment factor or a Henry's law constant. These selected values were quite 
often an average value of the various samples and analyses, though some-
times the judgment of the investigator was considered more reliable than 
an average. These selected values were not smoothed values, and, in 
fact, were used to obtain a least squares fit to the data. In all plots 
of the experimental data these selected values were used simply to avoid 
an excessive number of points on each graph. 
Argon-Helium  
The gas phase composition in equilibrium with solid argon was 
, 	 , 




 K at pressures up 
to 120 atmospheres. In addition, two points were determined at 60 and 80 
o 	. 
atmospheres on the 77.90 K isotherm. The gas and liquid phase composi- 
tions were determined at 86.02 ° , 91.98° , 97.51, and 108.02° K at pres-
sures up to 120 atmospheres. No liquid sample was obtained at 120 
atmospheres on the 86.02 ° K isotherm since at this pressure the condensed 
phase is solid. The gas phase compositions are presented in Table 16 in 
Appendix C. The liquid phase compositions are reported in Table 17 in 
Appendix C. 
To check the effect of withdrawal rates on the liquid sample, the 
withdrawal rates of run Fl and F2 were varied as widely as possible to 
cover the entire range of withdrawal rates encountered in any of the mea-
surements on either the argon-helium or argon-hydrogen systems. The rate 
of withdrawal of determination Fl was about 33 cc (S.T.P.)/sec and that of 
determination F2 was about 3 cc (S.T.P.)/sec. Neither of these points 
deviated significantly from the least squares surface fit; the deviations 
1 25 of Fl and F2 expressed in terms of mole fraction of helium being + 0.3 and -0.85 per cent respectively. The reproducibility of the liquid and gas samples is indicated by F4 and F7, both points being determined at 
about 60 atmospheres pressure on the 97.51 ° K isotherm. The solubility 
of helium in argon deviates by -0.75 per cent and +0.27 per cent for F4 
and F7, respectively, from the least squares fit. The mole fraction of 
argon in the gas phase deviates from the least squares fit by -0.41 and 
-0.92 per cent for F4 and F7, respectively. The points on this parti-
cular isotherm were determined beginning at 120 atmospheres with Fl, 
and the pressure decreased in steps of 20 atmospheres to F6 at 20 
atmospheres. The pressure was then set at 60 atmospheres and F7 deter-
mined. No significant effect was noted in this or any other isotherm 
on the order of determinations with respect to increasing or decreasing 
pressure. 
Argon-Hydrogen  
The composition of the gas phase in equilibrium with solid argon 
was determined at 68.o4° , 73.05° , and 79.01
o 
K at pressures from 20 to 
110 atmospheres. The composition of the gas and liquid phases was 
determined in the argon-hydrogen system at 86.95 ° , 94.210 , 99.950 and 
105.01
o 
K at pressures from 20 to 120 atmospheres. At 120 atmospheres 
no liquid sample was obtained on the 86.95 ° K isotherm because of insuf-
ficient liquid in the cell. The gas phase compositions are reported in 
Table 18 and the liquid phase compositions in Table 19 of Appendix C. 
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Least Squares Fit of Experimental Enhancement Factors and 
Henry's Law Constants  
General  
For a number of reasons it is often desirable to represent the 
experimental data in an analytical form. For an experimental quantity 
which is a function of only one independent variable this is usually 
accomplished either by a least squares fit of a polynomial in powers of 
the dependent variable or some other appropriate function. For the 
case of a surface fit, i.e., two independent variables, the choice of 
functions seems to be quite important. A method of fitting by a least 
squares surface fit in a power series of the two independent variables 





The set {lit i (x,y)} represents a set of functions which have been made 







k (xi' yi 
 ) = 0 	j / k 	(III-2) 
i=1 
The weighting factors, C., are determined by the criterion of fit, 
namely that the sum of the squares of the residuals be minimized. 
Least Squares Fit of Enhancement Factors  
The gas phase compositions of the two binary systems were ade-
quately represented using the least squares surface fit described in 
Appendix H with the values of the dependent variable z, and the inde-
pendent variables x and y given by Equations (III-3) through (III-5). 
z = 
27 
The variables chosen were normalized by the maximum value occurring in 
the data set 
x = (P-P01 ) / (P-P01 )max 
y = (1/T)/(1/T) max 
z  (Log ()/ (Log 
P- P01 	P-P01 max 
The values of the orthogonal coefficients, the weighting factors and 
the normalizing values are given in Table 1 for the argon-helium system 
and Table 2 for the argon-hydrogen system. The best fit for the two 
systems was found to be for p = 3, q = 3 for argon-helium and p = 4, 
q = 3 for argon-hydrogen, where p and q refer to the maximum power of 
x and y (see Appendix H). The average deviation of (Log ) / (13-P01 ) 
 from the experimental values was 5.3 x 10 -5 for argon-helium and 
2.9 x 10-5 for argon-hydrogen. The corresponding values of the standard 
error of estimate were 6.5 x 10 -5 for the 47 argon-helium points and 
3.7 x 10-5 for the 43 argon-hydrogen points. 
Least Squares Fit of Henry's Law Constant  
The liquid phase compositions of the two binary systems were 
represented using a similar approach as described for the enhancement 
factor and in Appendix H. Values of the variables are: 
x = (P-P01 ) / (P-1301 )max 
y = (1/T)/(1/T) max 
z = [Log (R)-2]/[Log (ET) 
-2]max 
Table 1. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of the Enhance-
ment Factor of Argon in Helium. 



























j 	6 7 8 9 
0 0.38236014 0.37709004 0.41688902 0.56831476 
1 1.2142656 0.97702080 0.67392190 -0.02294142 
2 -0.08111272 0.48380258 1.0054272 2.0507637 
3 1.7389383 0.80948843 -0.02525852 -0.05144999 
4 0.02255874 1.11871133 1.6366201 -0.11378367 
5 -0.07107582 0.11787410 0.6495°233 2.4490852 
6 0.04544836 -0.029169182 0.00333213 





Table 1. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of the Enhance-
ment Factor of Argon in Helium. (Concluded) 
Weighting Factors, C. 
J 
0 	 1 	 2 	 3 	 4 
	
0.68073551 	-0.29441770 0.80019809 0.24266136 0.22585073 
5 	 6 	 7 	 8 	 9 








= 0.01469724;( Log  ----) 	= 0.0036727528 
P-p01 max 
Table 2. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of the Enhance-




























j 	6 7 8 9 10 
0 0.29357183 0.30149218 0.35814953 0.54921786 0.24250537 
1 1.0624023 0.87724239 0.62892744 -0.04812323 0.98555585 
2 -0.03583157 0.34389005 0.87450361 2.0418356 -0.05345938 
3 1.6766628 0.73775368 -0.06485699 -0.00341017 2.0534535 
4 -0.08774551 1.0907287 1.6314677 0.03224068 -0.19665029 
5 -0.04527742 -0.01412151 0.54801796 2.4665569 -0.10124658 
6 -0.01782679 -0.00397279 0.00692084 2.2641266 
7 -0.01055614 0.00574270 -0.12610170 




Table 2. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of the Enhance-
ment Factor of Argon in Hydrogen. (Continued) 
11 12 13 
0 0.23276888 0.24505544 0.29869832 
1 0.83545985 0.70556018 0.51434673 
2 0.24406328 0.57544909 1.0874681 
3 1.2663752 0.54821230 -0.08550799 
4 0.94896446 1.7820507 2.0200298 
5 -0.05684551 0.35502278 1.3542540 
6 0.73843462 -0.04105274 -0.00341937 
7 1.6449451 1.6206337 -0.02569681 
8 -0.05394104 1.1117608 2.4961154 
9 -0.15249333 -0.37943030 0.31667870 
10 -0.10407210 0.01873334 0.02517153 
11 -0.03506685 0.05282915 
12 -0.54838015 
Weighting Factors, C. 
j 	0 1 2 3 4 
0.60188011 -0.14404164 1.5096718 0.0056826468 -0.46734395 
j 	5 6 7 8 9 
1.8582580 -0.038772462 -0.90469503 -1.5116336 1.3249409 
j 	10 11 12 13 




Table 2. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of the Enhance-
ment Factor of Argon in Hydrogen. (Concluded) 
Normalizing Constants 








The values of the orthogonal coefficients, the weighting factors and 
the normalizing values are given in Table 3 for the argon-helium sys-
tem and Table 4 for the argon-hydrogen system. The best fit was found 
to be p = 2, q = 2 for both systems. The average deviation of Log 
from the experimental values was 0.0016 for the 23 helium-argon points 
and 0.0011 for the 23 hydrogen-argon points. The corresponding values 
of the standard error of estimates were 0.0021 and 0.0017. 
Henry's Law Constants at Infinite Dilution 
The values of the Henry's law constants at infinite dilution 
defined by Equation (F-25) are given in Table 5 for helium and hydrogen 
in liquid argon. These values were obtained from the least squares 
coefficients given in Tables 3 and 4. Also given in Table 5 are the 
values of the Henry's law constants at infinite dilution defined by 
Equation (F-27). These values were obtained graphically from the 
selected liquid and gas phase equilibrium compositions given in 
Tables 16 through 19. 
Comparison of Experimental Results with Least Squares Fit  
and Data of Other Investigators  
Argon-Helium 
The logarithm of the experimental enhancement factors of argon 
in helium are compared in Figure 3 with the results of the least 
squares fit at even pressures. The experimental values at even pres-
sures were interpolated graphically from each of the measured isotherms 
reported in Table 16, Appendix C. The only other experimental values 
of the enhancement factor of argon in helium are those obtained from 
Table 3. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of Henry's Law 
Constant for Helium in Argon. 


























Weighting Factors, C. 
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1 	 2 	 3 	 4 




(P-p01 ) max 
= 118.19645; (1/T)
max = 0.01162791; (Log(17)-2) max
= 2.1686921 
34 
Table 4. Coefficients, Weighting Factors and Normalizing 
Constants for Least Squares Fit of Henry's Law 
Constant for Hydrogen in Argon. 
Coefficients, a.. 13 
i j -) 	1 	 2 	 3 	 4 	 5 
	
0.55051152 	0.90101617 	0.38129990 	0.49491117 	0.81572939 
1 	 -0.01417104 	1.1107651 	0.88709412 	-0.02679465 
2 	 -0.12055668 	0.52345945 	1.8283488 
3 	 -0.02322062 	-0.00389126 
4 	 0.01966436 
Weighting Factors, C. 
0 
	
1 	 3 
0.89677691 	-0.012072112 	0.85987915 
3 	 4 	 5 
-0.033821027 	0.49758846 	-0.50488642 
Normalizing Constants 
(13-1301 )max = 118.36843; (1/T)max 0.011502185; [Log(R)-2]max 0.98667879 
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Table 5. Henry's Law Constants for Helium and * 
Hydrogen in Argon at Infinite Dilution 
T 
	
K o.10 -2 
	
k°.10-2 
oK atm atm 
- 	- -Argon-Helium- - 	- 
108.03 43.6 41.8 
97.51 70.7 69.1 
91.98 93.7 92.0 
86.02 130.0 129.5 
- - - -Argon-Hydrogen- - - - 
105.01 6.81 6.3o 
99.95 7.26 6.86 
94.21 7.82 7.7o 
86.95 8.62 8.57 
-moo
defined by Equations (F-24) and (F-25). 
K° defined by Equations (F-26) and(F-27). 
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Figure 3. Experimental Enhancement Factors for Argon-Helium at 
Even Pressures. 
38 
the dew-point data of McCain51 between 99.74o and 150.62 ° K. The values 
in the region of overlap deviate by as much as 40 per cent from the 
values obtained in this work. It has been shown 59 that these results 
of McCain are likely in error in the region of interest here. His 
results at higher temperatures appear to be more accurate. 
The experimentally determined compositions of the liquid phase, 
expressed in terms of the logarithm of the Henry's law constant defined 
by Equation (1-9), are compared in Figure 4 with the least squares fit 
and the experimental bubble points of McCain
51 
in the region of interest. 
Three of the four points of McCain deviate by less than five per cent, 
but the point at 99.92 ° K is not consistent with the majority of his 
data and deviates by about 20 per cent from the data of this work. The 
Henry's law constants for helium in argon determined by Karasz 36 ' 37 
 between 84.05° and 87.53 ° K at pressures less than 1.2 atmospheres are 
not shown in Figure 4. The values of Henry's law constants of this work 
extrapolated to low pressure are approximately two to three times greater 
than the results of Karasz. No explanation can be offered for the great 
difference. 
Argon-Hydrogen  
The logarithm of the experimental enhancement factors of argon in 
hydrogen are shown in Figure 5 compared with the results of the least 
squares fit at even pressures. The results appear to be internally con-
sistent. No experimental results for the gas phase composition of this 
system have been reported by other investigators. 
The composition of the liquid phase expressed in terms of the 
logarithm of Henry's law constant defined by Equation (1-9) are shown 
I 	1 	I 	I 	I 	I 	1 	I 	I 	I 	I 
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Figure 5. Experimental Enhancement Factors for Argon-Hydrogen at 
Even Pressures. 
La 
in Figure 6 compared with the results of Volk and Halsey. 78 The results 
of Volk and Halsey agree well at low pressures, but deviate by as much as 
15 per cent at higher pressures. 
Three-Phase Line of Argon-Helium and Argon-Hydrogen and 
the Melting Curve for Pure Argon  
The results of the determination of the three-phase lines and the 
normal melting curve for pure argon are given in Table 6. These results 
consist of six determinations along the three-phase line of the argon-
helium system and six along the three-phase line of the argon-hydrogen 
system up to about 120 atmospheres pressure. Only four determinations 
were made of the normal melting curve of pure argon up to 120 atmospheres 
pressure. 
The four points determined on the melting curve of pure argon were 
primarily to check on the method used here. The melting curve of argon 
has been studied by Bridgman,
10 
Simon et al. 73 and Clusius and Weigand.
15 
Only Clusius and Weigand have studied it at pressures less than 250 
atmospheres. Clusius and Weigand represented their data with the 
following equation: 
T = 83.76 + 2.552 x 10
-2





This equation gives a triple point of 83.78 ° compared with the selected 
value of 83.81° K. Correcting the temperatures from Equation (III-9) 
by the ratio (83.81/83.78), the experimental determinations are compared 
with the results of Clusius and Weigand in Figure 7. 
The experimental three-phase line results were least squared to 
obtain the following equations: 
..0 94.2 ° 
42 
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Figure 6. Henry's Law Constant for Hydrogen in Liquid Argon. 









1 4o.3 84.8o 0.013 
2 120.3 86.75 0.059 
3 99.5 86.28 0.015 
4 69.5 85.52 0.027 
ARGON-HELIUM 
1 120.0 86.33 -0.006 
2 80.3 85.54 -0.014 
3 114.3 86.21 0.006 
4 100.1 85.93 0.006 
5 6o.o 85.08 0.011 
6 30.0 84.44 -0.003 
ARGON-HYDROGEN 
1 80.3 82.71 0.003 
2 60.1 82.86 .-0.016 
3 40.9 83.02 0.025 
4 19.7 83.40 -0.018 
5 19.8 83.38 0.000 
6 119.7 82.59 0.000 
a 
Calculated temperatures are from Equations (III-9), (III-10) and 
(III-11). The temperatures calculated from Equation (III-9) have 
been corrected by the ratio (83.81/83.78) to correspond with the 
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Figure 7. Melting Curve of Pure Argon and the Three-Phase Lines for 
Argon-Helium and Argon-Hydrogen as a Function of Pressure. 
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For A-He, 
T = 83.796 + 2.0837 x 10 -2P + 2.267 x 10 -5P2 -1.726 x 10-7P3 	(III-10) 
For A-H2' 
T = 83.830 -2.6454 x 10 -2P + 2.0055 x 10 -4P2 -5.518 x 10 -7P3 	(III-11) 
The experimental points are compared to the fitted curves in Figure 7. 
The ideal freezing point curves shown in Figure 7 are discussed in 
Chapter VI. These were calculated based on the assumptions of an ideal 
liquid solution and a pure condensed solid. 
Vapor Pressure of Argon  
At the conclusion of all phase equilibrium measurements, the 
vapor pressure of pure argon was measured between 12.1 and 42.6 atmos-
pheres pressure. These are given in Table 20 in Appendix D compared 
with the results of Michels et al. 55 These measurements were made as a 
consistency check on the pressure measurements, temperature measurements 
and the purity of the argon. The deviations of the observed and calcu-
lated vapor pressures are in general less than the 1/2 per cent 
accuracy claimed over the range of pressures in the phase equilibrium 
measurements. 
Accuracy of Phase Equilibrium Measurements  
Gas and Liquid Phase Compositions  
The equilibrium gas phase compositions are believed to be accu, 
rate to within ± 3 per cent and ± 2 per cent of the mole fraction of 
argon in the argon-helium and argon-hydrogen systems, respectively. The 
equilibrium liquid phase compositions are believed to be accurate to 
46 
within ± 2 per cent of the mole fraction of either helium or hydrogen 
in liquid argon. These assignments of accuracy are based on the ability 
to determine the temperature to within ± 0.03 ° K and the pressure to 
within ± 1/2 per cent of the measured value along with considerations 
of nearness to equilibrium and problems associated with composition 
analysis discussed elsewhere. 
Three-Phase Lines and Melting Curve of Argon  
The determination of the three-phase lines and the melting curve 
of pure argon were not accomplished at equilibrium conditions, but from 
cooling curves, thus making the assessment of their accuracies some-
what more difficult. Based on the agreement of the melting curve with 
Equation (III-9) given by Clusius and Weigand
15 
and the overall pre-
cision of the determinations of both three-phase lines and the normal 
melting curve of argon, the reported values of temperature and pressure 
are believed to be accurate to within ± 0.05 ° K and ± 1/2 per cent of 
the reported pressure. 
CHAPTER IV 
METHODS OF PREDICTING ENHANCEMENT FACTORS 
AND OTHER RELATED CALCULATIONS 
General  
In Chapter I a number of general thermodynamic relations were 
given. These relations are used in conjunction with various equations 
of state to predict the enhancement factor and to make a number of other 
calculations of interest. One such calculation is that of the second 
virial interaction coefficient, B12 , from the experimental values of 
the phase compositions at equilibrium and other experimental quantities. 
Kirk
42 
and Kirk et al.
44 
have studied a number of methods of predicting 
the enhancement factor. A number of the relations used here are taken 
2 from Kirk using essentially the same nomenclature to permit ease in 
comparison of results and conclusions regarding the methods of prediction. 
Originally this work was not intended to include methods of cor-
relation, but only methods of prediction of gas phase compositions from 
the properties of the pure components. However, a simple correlation 
for the argon-helium gas phase compositions developed by Mullins and 
Ziegler59 is presented. In addition, a correlation for the liquid and 
gas phase compositions of the argon-hydrogen system is suggested by 
several calculations using the BWR equation of state to represent both 
gas and liquid phases. 
L7 
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Prediction of Enhancement Factor  
Equation (I-7) is the thermodynamic relation used to predict the 
enhancement factor. The solution of Equation (I-7) requires, in general, 
a knowledge of the compressibility of the pure condensed argon, the 
second and third virial coefficients of pure argon, an equation of state 
for the gas mixture, and a knowledge of the composition and activity 
coefficient of the argon in the condensed phase. Quite often in the 
type of system considered here, the solubility of component 2 in the 
condensed phase is quite small and can be neglected. Kirk,
42 
 in his 
study of the prediction of the enhancement factor for methane in hydro-
gen, neglected the term In y ji_Xl in Equation (I-7) because of the low 
solubility of hydrogen in liquid methane and the uncertainty of the 
value of yi. In the solid-gas region the neglect of the term is likely 
completely insignificant in the methane-hydrogen system as well as in 
the systems studied here. Because the solubility of helium and hydrogen 
in argon was measured here, and also because measurements of the three-
phase line indicate that the value of y
1 
is very nearly unity, the term 
In 	wasaluated. This permits a better comparison of the equa- 
tions of state used to predict the properties of the gas mixture. 
Equations of State Considered 
The equations of state considered here may be broadly grouped 
into three general categories: empirical equations of state, the virial 
equation of state, and "hybrid" equations of state. The "hybrid" equa-
tions of state are formed from a combination of the first two types. 
Kirk
42 
considered two empirical equations of state, the Benedict-
Webb-Rubin
6 
and the Beattie-Bridgeman 3 equations. The BWR equation is 
an extension of the Beattie-Bridgeman equation and contains eight adjust-
able parameters, three more than the Beattie-Bridgeman equation. The 
Beattie-Bridgeman equation was not examined in the present work. 
The virial equation of state was examined here using methods for 
computing the second and third virial coefficients of the gas similar to 
those of Kirk.
42 
One generalized correlation of the second and third 
virial coefficient was examined. This was a three parameter, reduced 
correlation developed by Pitzer and Curl
ft 
and extended by Prausnitz and 
Gunn. 64 Two theoretical methods of computing the second virial coeffi-
cient were examined. One of these methods, based on the two-parameter, 
Lennard-Jones (6-12) intermolecular potential function, was also used to 
compute the third virial coefficient. The other statistical mechanical 
second virial coefficient calculation was based on the Kihara core model 40 
with a (6-12) intermolecular potential function as given by Prausnitz 
and Myers. 66 The Kihara core model contains five parameters, but three 
are related to the shape and size of the core and are not independent. 
General Mixture Rules  
Kirk
42 
has discussed at length the various equations of state and 
the mixture rules used to predict the properties of mixtures from the 
parameters for the pure components. The three mixture rules generally 
used to combine the constants of the pure components are given by Equa-
tions (IV-1) through (IV-3). These are normally referred to as the 
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2, the linear average is greater than the Lorentz, which is 
greater than the geometric. The linear average is usually associated 
with length quantities, the geometric with energy parameters, and the 
Lorentz with volume quantities. 
Virial Equation of State 
From statistical mechanics the equation of state for a gas may be 
expressed as a power series in gas density or reciprocal volume.
34 
PV 1 BCD 
RT = 	 2 
	
 




For the particular gas or gas mixture, the coefficients B, C, and D are 
functions of temperature only. For a gas mixture the second and third 





































The values of B and C may be obtained from experimental measurements or 
calculated assuming a particular expression for the potential energy 
function between two molecules. Integration of Equation (I-7) using 
these relations for the virial equation of state yields the following 
expression for the enhancement factor. 
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1 	 c 
In = — 
RT 
[a(P-p
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The methods used for calculating the second and third virial coefficients 
and the various interaction coefficients are described in the following 
sections. 
Lennard-Jones (6-12)  
Lennard-Jones Classical (LJCL). The virial coefficients of a gas 
can be calculated, in principle, from statistical mechanics if the inter-
molecular potential between molecules is known. The Lennard-Jones (6-12) 
intermolecular potential function is one model which has been widely used 
to describe the potential energy between non-polar molecules. This func-
tion is a two-parameter, spherically symmetric function with an attractive 
force inversely proportional to the seventh power of the distance between 
the molecules and a repulsive force inversely proportional to the thir-
teenth power of the distance between the molecules, which are assumed to 
be mass points. The potential energy is given by Equation (IV-8). 
	
U(r) = 4e E(6) 12 	$6] 	 (IV-8) 
The two parameters e and a have the dimensions of energy and length. 
The quantity a is the value of r at U(r) = 0 and e is the minimum poten- 
1/6 tial energy which occurs at r = 2 	a. 
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From this potential function, Hirschfelder et al.
34 
present methods 
of obtaining the reduced second virial coefficient, BCL , as a function of 
the reduced temperature, T . 
B.. = (b o
). .B* (T*) 
ij 	ij CL 
(IV- 9) 
T* = T/(e/k) 	 (IV-10) 
The reducing parameter, b o , which has the units of volume, is related to 
the parameter a by Equation (IV-11). 
2uNA
3 
bo = 3 	
(IV-11) 
Hirschfelder et al. 34 also present methods of obtaining the reduced third 
virial coefficient as a function of T
*






ii C i .k 
= b2 
ij CC  (Tick ) 
	 (IV-12) o k 
The mixing rules used for the two parameters in the Lennard-Jones (6-12) 
intermolecular potential function were 
(e/k) ij 	= (e/k)1/2 (e/k) 1/2 	 (IV-13) 
(e/k) ijk = (e/k) i 1/3 (e/k) j 1/3 (e/k)k1/3 
b
1 r, 1/3 
= 	Loo. 	+ bo.
1/3 ] 3 
o.. 
1j 
b 	= 1/27 [b0. 1/3 + bo. 1/3 + bok
1/3 ] 3 oink 
Lennard-Jones Quanturn_.(LJA). At low temperatures the second 
virial coefficient of the light gases, in this case helium and hydrogen, 
53 
should be corrected for quantum effects. Hirschfelder et al.
34 
 give the 
following series containing the first three translational quantum correc-
tion terms and the ideal gas quantum correction term, B o* . 
Bij /(bd ij 
	* 
= + A: 2 j 	
A:j 4 	A:j 6  BIII 
*3 * 











the ideal gas quantum correction term B
o
, are functions of the reduced 
temperature, Tom . The quantum mechanical parameter A is given by 
Equation (IV-18). 
A







13 1J 	13 
( Iv-18) 
j InEquation(IV-18)themixingrulesfora..ij  andmi are given by Equa- 
tions (IV-19) and (IV-20) and (e/k) ij by Equation (IV-13). 
aij = (ai + aj )/2 	 (IV-19) 
m.. = 2mimj /(m. + mj ) 	 (IV-20) 
DeBoer and Michels
21 
have obtained series approximations for BI and BII 
and their results are published in Hirschfelder et a1.
34 
Unfortunately 
there are several small errors in the series coefficients. These are 
discussed by Kirk,
42 
who recomputed the first 42 coefficients of each 







 from relations given by Kihara.
41 
These recomputed coefficients agree with the 14 values given by Kihara
41 
5)-1- 
for each of the series coefficients. The values given by Kirk
42 
are 
used in this work. The sign of the quantum correction term for the 
ideal gas, Bo , in Equation (IV-17) is given here for the Bose-Einstein 
gas. The value of B
o 




32u5/2 (T* ) 3/ 2 
(Iv-2l) 
Kihara Core Model (KIH)  
Kihara
40 
has derived general expressions for the second virial 
coefficient of gases assuming an impenetrable core rather than a point 
mass for the molecules as used in the Lennard-Jones model. The core may 
be any convex shaped model. The shape is normally determined by the 
geometry of the molecule. The potential energy for a pair of molecules 
is expressed as a function of the shortest distance, p, between the 
molecular cores. For a (6-12) potential function the potential energy, 
U, is given by the following relation. 
[(Po ) l2 	Po\ 6 
U = U [() - 2 (---) ] o 	p (IV-22) 
The parameter po is the shortest distance between molecular cores at the 
minimum potential energy, U. Kihara
41 
gives the following expression 
for gas mixtures. 
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The three functions F1, F2, and F
3 
are functions of Z (Z = U0/kT), and 
may be obtained from tabular results
16 






	[ 	F ( li=a) ] z (6j + s)/12 
12 3! 12 J 
j=0 
Equation (IV-24) may be rewritten as 





The first 40 coefficients have been calculated for s = 1, 2, 3 and are 
given by Kirk.
42 
These coefficients were used here to calculate the 




rather than the tabular values of Connolly and 
Kandalic.
16 
The three parameters Mo , S o , and Vo are related to the core size 
and shape and have the dimensions of length, area, and volume. 
Prausnitz and Myers,
66 
in determining the constants for the 
Kihara core model with a (6-12) intermolecular potential function, have 
included quantum corrections for helium, hydrogen and mixtures contain-
ing these light gases. The correction for the first two translational 
quantum terms used by Prausnitz and Myers 66 were based on the Lennard-
Jones (6-12) model and is therefore strictly correct only for the case 
of a spherical core with vanishing radius. The equation used in the 
present work for helium, hydrogen and their interaction second virial 
coefficients with argon is expressed as 
r * 2 * 	* 4 * 	* 3 *, 
B. . = (BK ) ij + (bo ) ii LAij B1 + A. 	BII + -A. . Bo j 	(IV-26) lj 	 ij  
56 
The value of a for the Lennard-Jones (6-12) intermolecular potential 
function is related to the Kihara core model parameter, p o , by Equation 
(IV-27), which is exact for the spherical core. 
. 	M . 
a.. = 2-1/6 p 	+ M01  cai 
13 	 oij —47 
(IV-27) 
Themixtureruleforp..isthesameasfora..,namely Equation 
oij 	 ij 
(IV-19), and that for (U o/k) ii is the same as for (e/k) ii , Equation 
(IV-13). 
Pitzer-Prausnitz-Gunn (PPG)  
Pitzer and coworkers18,19,60,61,62,63 have developed a generalized 
three-parameter correlation for predicting the thermodynamic properties 
of fluids. Their correlation is based on the concept of a "simple" fluid 
for which the reduced vapor pressure is defined to be 0.1 at a reduced 
temperature of 0.7 Fluids which follow this relation very closely are 
A, Kr, Xe and CH). They chose as their three parameters the critical 
pressure, temperature and the acentric factor, w, which is defined as 
w = - log PR - 1.000 
	
( 1v- 28 ) 
where PR is the reduced vapor pressure at a reduced temperature of 0.7. 
Pitzer et al.
63 
 give tables for the compressibility factor Z, as a 
function of w and the compressibility of a simple fluid. Pitzer and 
61 
Curl give the following expressions for the second virial coefficient 











is the second virial coefficient of a "simple" fluid given by 
and 







o.46 	0.50 	0.097 	0.0073 BRP = 0.073 + 2 3 8 TR 	TR 	TR 	TR 
(IV-30) 
(IV-31) 
Prausnitz and Gunn64 have modified and extended the acentric factor to 
permit the estimation of the virial coefficients of mixtures. To permit 
more rational mixture rules based on a volumetric average, they reduce 
the virial coefficient with V
c 
rather than P /RT . 
c 	c 
B. ij 	_ .0 „. 	, / Bo kT/T 	) + w..B' (T/T 	) 	 (IV-32) (V') ' ij  . RV c.. ij RV 	ci  . 
	
ij j 





BRV = 0.291 
0.274 Bic)R1 
 + BRP  
BRV = 0.291 - 0.08w 
These two relations are derived from the relation given for Z c 
based on 
the tables for Z given by Pitzer et al.
63 








(1c ) 12 = [(1c ) 1 ( lc ) 2 ]2 - ° ( Tc ) 12 
-  (Vc)12 = 2 [(vc)1 	(vc ) 2 ] 	A(Vc ) 12 
1)12 = 2 
/ 




Prausnitz and Gunn64 note that from a theoretical standpoint the pre-
ferred mixture rule for (V c ) 12 is 
(V 1/3 	(v ) 1/3 3 
2 (V c) 12 	cil 	
cl2 I (IV-39) 
In their work Prausnitz and Gunn used the simple linear averages given by 
Equations (IV-37) and (IV-38) for (Vc ) 12 and 1)
12 





to fit experimental data for a number of systems. A graph is 
given for the evaluation of 
4(Tc)12 
as a function of the ratio of the 
critical volumes. For systems where the ratio of the critical volumes 
exceeded three, they give an additional chart for the correction 
A(Vc ) 12 in Equation (IV-37). They point out that A(T c ) 12 is positive 
for all systems studied, which is said to be in agreement with London's 
theory of dispersion forces, i.e., that the geometric average of the 
dispersion energy parameter for molecules of different sizes is an 
upper bound. In the present work A(Tc)12 
was taken to be zero. The 
few values of 
1(Vc)12 
calculated by Prausnitz and Gunn were all positive, 
indicating that the Lorentz average given by Equation (IV-39) would pro-
bably be better than the simple linear average. In the systems studied 
here the Lorentz average, Equation (IV-39), was used. 
Gunn
32 
presents tabular values for the reduced third virial co-
efficient
' CRV(TR) 






= (V ) 	[C 	+ 0.2w. ] Cijk 	c ijk RV(T R
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has fitted the tabular data by a least squares procedure to obtain 












For TR > 1.08, 




The following mixture rules were used here for Equation (IV-40). 
(Td ijk = [(Id i ( Ic).(ck11/3 







1 / w.. = — kw. 	(a) 
1,3k 	3 	1 
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Benedict-Webb-Rubin Equation of State (BWR)  
The Benedict-Webb-Rubin equation of state
6 
is an eight-parameter, 
empirical equation of state which is an extension of the Beattie-Bridge-
man equation of state. 3 The constants for argon and hydrogen were deter-
mined in this work as described in Appendix A. There appear to be no 
published constants for helium and none were determined here. For a 
mixture of either gases or liquids the BWR equation may be written
42 
(Adm (cdm 
RT 	RT 3 
a 
C' = b - —1 
 m 	m RT




+ RTB p 2 	 3 + RTC'p +aap 6 
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 and y. Values of N
12 
are given by 






o  and y. 
For Bo both the Lorentz average and the linear average have been 
investigated. 
(Bo ) 12 	[(B0 ) 1 + (B0 ) 2] /2 (linear) 	(IV-51) 
(B0 ) 12 = [(B0 )1/ 3 + (B0 ) 3211/8 (Lorentz) 	(IV-52) 
According to Benedict et al., 7 the Lorentz average gives the best results 
for fitting PVT properties, but for predicting phase equilibria in the 
light hydrocarbons, the linear average gives the best agreement with 
experimental data. 
61 
The mixture relation for the remaining four parameters, a, b, c 






















N = (N.N. ) 1/ 3 N. 	j k 
Equation (IV-54) is an extension of Equation (IV-2). 
(1V-53) 
(1v-54) 
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(IV-55) 
p 2 	2p 4 ) ] exp( _ympm2 )1 
- 	Y cm:13 (-4 1/2 (2 + 2, 
Ym 	 T in rn rn J 
The enhancement factor equation, resulting from an integration of 
Equation (1 - 7) with the gas phase represented by Equation (IV-46) is 
In 	
, 	 (E), )] 	2 B11 3 0111 = 1 [al13-10 ) + b 
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In Equation (IV-56) only the second and third. virial coefficients are 
used to represent the properties of pure argon at p 01 . Equation 
(IV-56) can also be derived from the fugacity relation given by Equa-
tion(11.7"-.55).ThemixturerulesforB ij and
ijk 
 in Equation (iv-56) 
and Bij in (IV-55) are given by Equations (IV-57) and (IV-58). 
	







C ijk 	ijk RT 
(IV-57) 
(IV-58) 
The mixing relations for the parameters are given by Equations (IV-49) 
through (IV-54). For the constants containing m as a subscript, the 
same relations apply but with two applications of the mixing relation. 
For example, 
) 1/2 	r 	( 2 	 y22y2) 11/2 
Ylm (Y1Ym/ 	= 01 ` Y-1 Y1 2Y1Y2Y12 
almm = (a
1 am 2













3 271/3  
Y2 a2 ) 
( 1v- 59) 
(iv-6o) 
Another slightly different mixture rule for the combined parameter 
(aa), proposed by Hydrocarbon Research, Inc.,
49 
was evaluated by Kirk
42 
for the methane-hydrogen system. 
(ace)m 	[y1(ace) 146 	y2(aa)21/616 
	
(Iv- 61) 
Use of this mixture rule results in the substitution of 









for the term 
-3(amaimm + ama )pm5/5RT 
in Equation (Iv-56). 
Calculation of the Second Virial Interaction Coefficient from 
Experimental Phase Equilibrium Data 
Equation (IV-7) may be rearranged to solve for the second virial 
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1  
(Iv-62) 
Any of the methods discussed in the previous sections may be used to 
represent the second and third virial coefficient and the third virial 
interaction coefficients. Equation (IV-62) is then solved at each 
experimental point on an isotherm. The value of B 12 obtained from each 
experimental point is plotted against (P-p 01 ).  -P . The value extrapolated 
(--P01) 	
0 is then assumed to be the correct value of B
12
. Since to P 
only the extrapolated value is used, the calculated values of B
12 
need 
not be solved iteratively. The value of B12 used to calculate the volume 
of the gas mixture Vm, may be calculated from the mixture rules assumed 
in the previous sections. One might suppose that the solubility of the 
gas in the liquid argon can be neglected, since the term In sy 31x1 is 0 
= O. If Bit is the value calculated assuming In 'N(3C3_ = 0, at ( ` P-P01 ) 
then it can be shown that 
B = B 	RTZ01 
12 	12 
21r 
where K° is defined by Equation (IV-64). 
Py2 AO 








At 1000 K for the two systems considered here, the error in B
12 
would be approximately 0.6 cc/gm mole for argon-helium and 5.3 cc/gm 
mole for argon-hydrogen. 
Prediction of Phase Equilibria with BWR Equation  
General 
The BWR equation of state
6 
was, from its inception, intended to 
be used to predict phase equilibria in the light hydrocarbon systems. 
Good agreement was found between computed and experimental vapor-liquid 
equilibrium data by Benedict et al. 7 ' 9 for a number of the hydrocarbon 
systems ranging from methane up to heptane. The equation has also been 
75 used by Stotler and Benedict to correlate phase equilibria in the 
nitrogen-methane system. They found that it was necessary to adjust 
one of the mixture constants, (A0)12, to obtain a good correlation. 
Price et a1.
67 
calculated K values for the methane-ethane-propane sys-
tem, and found that the agreement between the predicted and experimen-
tal K values for methane was good, but that at temperatures below the 
boiling point of ethane and propane the K factors for those two com-
ponents deviated considerably from experimental results with decreasing 
72 
temperature. Schillar and Canjar obtained good results for the pre- 
65 
diction of K factors for the nitrogen-carbon monoxide system. Motard 
and Organick
58 
have used the equation to correlate phase equilibrium 
data in the hydrogen-methane-propane system with good results for the 
K factors of hydrogen and methane, but were unable to predict the K 
factors for propane. At 144 0 K the K factors were in disagreement by 
as much as two orders of magnitude. Prausnitz and Keeler
65 
have 
suggested that the experimental K factors for propane are probably in 
error. Motard and Organick
58 
adjusted C o 
and y of hydrogen to obtain 
their correlation. These adjusted values of y were then used with good 
success to predict K factors in hydrogen -methane - ethane and hydrogen- 
methane-ethylene systems. 
Phase Equilibria in the Argon-Hydrogen System 
The applicability of the BWR equation of state, Equation (IV-46), 
to the prediction of phase equilibria in the argon-hydrogen system was 
investigated in the present work. At equilibrium, the following rela-
tions must be satisfied for a binary system. 
= P(PTIJII ,x1 ) 
—G. G 	—I, L N 
f1 lPm' Y1 ) = f1 lipm' x1 ) 
TG( nG 	) TL( nL 




These relations can be calculated from Equation (IV-46) and (Iv-55). 
The mixture relations were the same as used for the enhancement factor 
equation except that the linear average, Equation (IV-51), was used for 
(B0)12. The mixture relation for (ac) proposed by Hydrocarbon Research, 
Inc.
49 
was also investigated. The computational procedure for solving 




Selection of Data for Computations  
General  
The selection of the necessary data for use in the calculations 
described in the preceding and subsequent sections are summarized here. 
A number of the parameters for argon were taken from the vapor pressure 
calculations of Ziegler et al.
84 
Values of the equation of state para- 
2 
meters for hydrogen were the same as those used by Kirk with the ex-
ception of the Benedict-Webb-Rubin constants, which have been determined 





The determination of the BWR constants for argon and hydrogen 
is discussed in detail in Appendix A. 
Vapor Pressure  
The vapor pressure of argon below 88 ° K has been calculated by 
Ziegler et al.
84 
and compared to the available experimental data. For 
use in the present work, the calculated values of the vapor pressure 
have been adjusted by the ratio of the normal boiling point of oxygen 
on the NBS 1955 Scale (90.18° K) and the normal boiling point selected 
84 , 	, 
by Ziegler et al. 	00.1o8 K). These adjusted values have been fitted 
to two equations over the indicated temperature range. 
67 
68 
T s 83.81° K 
740.68409 	35110.773 	1661065.3 
Log10p01
(atm) = 5.9057813 	T 	+ 
T T
2 	 3 
28979491.0  
T 
 (v- i) 










Above 88° K the vapor pressure of argon was represented by Equation (V-3) 









+ 0.0174713(T) + 21.83790 	 (v-3) 
Molal Volume of Condensed Argon  
Solid Argon. The density of solid argon has been determined by 
a number of investigators. A summary of the experimental results is 
given in Table 7. The results of Dobbs et al.
24 
are the smoothed 




K. Between 20° and 60
o 
K 
the values were determined from X-ray measurements. Above 60° K the 
density was determined by the condensation of gas into a known volume. 
Their results are stated to be accurate to 0.001 gm/cc. The change in 
volume at the triple point has been determined by Clusius and Weigand, 
15 
and Simon et al. 73 from the melting curve and the Clapeyron equation. 
Bridgeman10 has measured the change in volume along the melting curve. 
Other X-ray determinations at single points were made by de Smedt and 
Keesom
23 




K. A recent 
determination of the density at 4.2
o 
 K was made by Henshaw33 using 
Table 7. Density and Molal Volume of Solid Argon 
Temper- 	 Molal 
ature Density 	Volume 	Year 	Investigator 
( 0K) 	 (gm/cc) (cc/gm mole) 
4.2 1.83 21.83 1958 Henshaw33 
20 1.68 23.78 1925 de Smedt and Keesom
23 
20 1.764 ± 0.001 22.64 1956 Dobbs et al.
24 
40 1.737 ± 0.001 23.00 1956 Dobbs et al.
24 
40 1.65 	± 0.02 24.21 1924 Simon and von Simson74 
6o 1.691 ± 0.001 23.62 1956 Dobbs et a1.
24 
80 1.636 ± 0.001 24.42 1956 Dobbs et a1.
24 
83.80 24.64a 1940 Clusius and Weigand
15 
83.80 25.21a 1930 Simon, Ruhemann and 
Edwards73 
83.80 24. 99a  1934 
Briagman10  
a Molal volume computed using the AV reported by the investigator 
and a value of the molal volume of the liquid of 28.17 cc/gm mole 




neutron diffraction. In determining the best values for the molal volume 





and Henshaw. 33 The selected values are given in Table 8 
at temperatures corresponding to the experimental phase equilibrium iso-
therms studied here. 
Liquid Argon. The density of liquid argon as a function of tem-
perature and pressure was determined by van Itterbeek and Verbeke 76 from 
86.6° to 90.5° K and by van Itterbeek et al. 77 from 90 ° to 148° K. These 
values are in good agreement with the saturation data of Mathias et al.,
50 
which cover the range from 90 ° to 148° K. The earlier density values of 
Baly and Donnan
2 




K are somewhat 
higher than those of van Itterbeek and Verbeke.
76 
The data of van Itterbeek76 ' 77 up to 130° K and at pressures up 
to 150 atmospheres were fit to a double power series in (P-p 01 ) and T 
using the least squares technique described in Appendix H. The result-





C. yx,y) 	 (v-4) 
j=o 
where, 




z = v1L1 (v1L)max 
	 (v-7) 
Equation (V-4) represents the data of van Itterbeek with an accuracy 
sufficient for the purposes for which it is to be used, and in a form 
suitable for computational work. The molal volume of the liquid argon 









68.04 23.93 77.90 24.33 
68.07 23.93 79.01 24.38 




was fitted with an average per cent deviation of 0.1926 and a standard 
error of estimate of 0.095 cc/gm mole. Values of the orthogonal co-
efficients, the weighting factors, and the normalizing constants are 
given in Table 9. 
Heat Capacity of Condensed Argon  
The heat capacity of saturated argon has been measured by a 
number of investigators. Ziegler et al.
84 
in calculating the vapor 
pressure for argon, represented the heat capacity of saturated solid 
argon by a series of polynomials fit to the data of Flubacher et al.
29 
Equation (V-8), which was used by Ziegler et al.
84 to represent the 
heat capacity of solid argon from 50 ° to the triple point, 83.81 ° , was 
used in this work to represent the heat capacity in the region of the 
triple point. 




+ 0.35483745T3 x 10 -4 
The liquid heat capacity was assumed to be constant and equal to 




Heat of Fusion of Argon  
The value of the heat of fusion at the triple point of 282.6 
cal/gm mole selected in the vapor pressure calculation
84 
was also used 
here. This value was based on an average of the heat of fusion mea-
sured by Clusius,




Table 9. Coefficients, Weighting Factors and Normalizing Constants 
for Least Squares Fit of the Molal Volume of Liquid Argon 
as a Function of Temperature and Pressure. 



























Weighting Factors, C. 
0 	 1 	 2 
	
0.78601251 	0.55552200 	-0.041263703 
3 	 4 	 5 
0.63080202 	-0.23959787 	0.016574555 
Normalizing Constants 
Tmax = 130.85 
	
(P-P01 )max = 
150 . 998 
	
(vpmax = 0.037735 
Effect of Pressure on Enthalpy of Condensed Argon  
The effect of pressure on the enthalpy of solid and liquid argon 
in the vicinity of the triple point temperature was estimated from the 
relation 
T 
(:;) = v - (('n 
T 	
6T/p (v-9) 
For the liquid phase a mean value of 16.5 cc/gru mole was estimated from 
the tables of Van Itterbeek et al. 77 For the solid phase a value of 
20.8 cc/gm mole was estimated from the data for the molal volume of the 
solid phase at the triple point with no correction for the effect of 
pressure. These values are estimates needed to make small corrections 
for the enthalpy of the solid and liquid phases to predict the activity 
coefficient from Equation (I-20) and are not considered as selected 
"best" values. 
Benedict-Webb-Rubin Constants  
Argon Constants. The Benedict-Webb-Rubin constants for argon 
appear not to have been previously published. The constants given in 
Table 10 have been determined using a procedure described in Appendix 
A. The P-V-T data of Michels et a1.
54 
were fit by a method of least 
squares with the compressibility factor, Z, as the dependent variable, 
and restricting the fit to the experimental critical point of Michels 
et al. 55 A more detailed description of the agreement and the method 
of fitting is given in Appendix A. 
Hydrogen Constants. There have been several sets of BWR con-






The parameters used by Kirk
42 














6.96 	 31.41 
22.9 	 32.98 
10.22 36.26 
Table 10. Selected Parameters for Computation of 
Gas Properties 




of State, Units 	Bo 	3.7352552(-2) are liter-atm- 










,cc/gm mole 	50.91 
(Classical) 




,cc/gm mole 	 21.0 	 35.50 
(Quantum) 
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Table 10. Selected Parameters for Computation of 
Gas Properties (Concluded) 



















In all computations the sign of a and ci was changed to +, and b' cal-
culated from Equation (V-10). 
77 
given by Hydrocarbon Research Inc.
49 
None of the sets were based on 
the more recent,extensive,low temperature P-V-T data of Goodwin et al.
31 
For this reason the constants given in Table 10 were redetermined using 
data of Goodwin down to 40
o 
K and data of Michels et al. 53 up to 
198
0 
K. Densities were restricted to those below about 31 liters/gm 
mole or slightly less than twice the critical density. The constants 
were not restricted to fit the critical point, nor were they adjusted 
to fit vapor pressure data. 
Two of the constants, a and a, were found to be negative. In 
order that this difficulty be circumvented, the suggestion of Eubanks 26 
as given by Motard and 0rganick58 was followed. The signs of a and a 
were changed and the value of b was modified to 
b '= b + ELI 
RT 
For a more complete discussion of the constants, the reader is referred 
to Appendix A. 
Parameters for the Lennard-Jones (6-12) Potential Function  
Argon. 	The values of e/k (119.3 ° K) and b o (50.91 cc/gm mole) 
for argon determined by Levelt
48 
have been selected for use in this 
work. These values were previously used in the calculation of the 
vapor pressure of argon by Ziegler et al.
84 
after a review of the 
available second virial coefficient data for argon. Quantum effects 
on the second virial coefficient of argon are small and were not con-
sidered in this investigation. 
Helium. Two sets of parameters were desired for the Lennard- 
78 
Jones (6-12) potential function for helium. One of these sets, referred 
to as LJCL, was determined in the present work (see below) by fitting 
the second virial coefficient data of White et al. 81  with no quantum 
corrections. This set of constants was then used to predict the values 
of the third virial coefficient of helium and the third interaction 
coefficients of argon-helium. The second set of parameters, referred 
to as LJ2Q, were values of e/k (10.22 ° K) and bo (21.0 cc/gm mole) 
determined by de Boer and Michels
21 
from the second virial coefficient 
data above 40
o 
K of several investigators, taking into account the first 
two translational quantum correction terms in Equation (IV-17). There 
were several small errors in the values of the series coefficients 
used to calculate BII  by de Boer and Michels.
20 
These errors have been 
discussed in some detail by Kirk,
42 
who gives the corrected values of 
the series coefficients and also gives additional coefficients through 
the third translational term 
BIII. 
 The values of the parameters given 
by de Boer and Michels
21 
were deemed to be sufficiently accurate not to 
warrant reevaluation of the parameters. 
The LJCL parameters were determined by fitting the experimental 
second virial coefficient data of White et al.
81 
at two temperatures. 
From a graphical interpolation of the data of White et al.
81 
the tem-
perature corresponding to B = 0 was found to be 23.8
o 
K. Since at this 
point T* = 3.418 (interpolated from Table I-B of Hirschfelder et a1. 3 ), 
, 
the value of e/k was found to be 6.96
o 
 K. The value of b
o 
may then be 
determined from any other value of the second virial coefficient. In 
this case a value of B at 100 K (11.6 cc/gm mole) resulted in a value 
of 22.9 cc/gm mole for b0. 
79 
Hydrogen. As in the case of helium, it is desirable to have two 
sets of parameters for the Lennard-Jones (6-12) potential function; one 
set which uses no quantum corrections, but adequately fits the low tem-
perature second virial data, and the other set of parameters which fits 
the data with quantum corrections. Kirk
42 
has made an analysis of the 
second virial coefficient data of hydrogen and determined two such sets 
of constants. The "classical' ? parameters were obtained by fitting the 
second virial coefficient data of White and Johnston 8o over the range 
65 ° to 125 ° K. The values of these parameters were e/k = 31.41 ° K and 
b
o 
= 32.98 cc/gm mole. For the "quantum" parameters Kirk determined the 
values of e/k = 36.26 ° K, bo 
= 35.50 cc/gm mole using a graphical method 
and the same virial coefficient data as was used to determine the clas-
sical parameters. 
Kihara Core Model Parameters  
The parameters of the Kihara Core Model for argon, helium, and 
hydrogen have been determined recently by Prausnitz and Myers. 66 These 
values were selected for use here and are given in Table 10. For helium 
and argon the core was assumed to be spherical, but hydrogen was assumed 
to be a spherocylinder of zero radius. All of the parameters were deter-
mined from second virial coefficient data. For helium and hydrogen the 
first two translational quantum corrections in Equation (IV-26) were 
made. 
Pitzer-Prausnitz-Gunn Parameters  
Argon. The selected values of T c (150.86° K) and Pc (48.34 atm) 
used to calculate the acentric factor for argon from Equation (IV-28) 
8o 
were taken from Michels et al.
54 
The value of the acentric factor, 
w, was found to be -0.005, compared with a value of -0.002 given by 
Pitzer et a1.
63 
Using the relation between Z
c 





= 0.291 - 0.08w 
a value of 0.2914 was calculated for the critical compressibility of 
argon. From this value of Z c the critical volume was found to be 
74.62 cc/gm mole in excellent agreement with the value of 74.56 cc/gm 
mole experimentally determined by Michels et al.
54 
The experimental 
value of Vc 
of Michels et al. 54 was selected for use in this work. 
Helium. The parameters of the PPG equation were obtained by 
assuming that the acentric factor is zero and calculating a set of 
"pseudo critical" constants from the second virial coefficient data of 
White et al. 81 From the Boyle point (T = 23.8 ° K) obtained graphically 
from the data of White et al.,
81 
and the relation of Danon and Pitzer
19 
expressing the Boyle point as a function of the critical temperature, 
the effective value of the critical temperature was found to be 
, 
8.96° K. From the second virial coefficient at 100 ° K (11.6 cc/gm mole), 
obtained graphically from the data of White et al.,
81 
the effective 
value of the critical volume was found to be 29.7 cc/gm mole. This 
value was calculated from Equations (IV-30), (1V-32) and (1V-33). 
Hydrogen. The parameters for the PPG relations for hydrogen were 
taken from Kirk.
42 These values were obtained by him in a manner similar 
to that used here for helium. Assuming w = 0 for hydrogen, he then com-
puted values of a set of pseudocritical constants of 40.47 ° K and 
81 





Comparison of Calculated Second Virial Coefficients with Experimental  
Data 
Helium. A review of the experimental second virial coefficients 
of helium prior to about 1941 was made by Keesom.
38 
He arrived at a 
selected set of values which have been rather widely used since then. 
These selected values are shown in Figure 8. In addition , the more 







are also given. The various methods of calculating the second 
virial coefficient used in this work are shown for comparison. The 
constants of the Kihara core model, the PPG equation, and the LJ (6-12) 
"classical" equation were all based on the data of White et al., whereas 
the earlier parameters of the LJ (6-12) "quantum" equation given by 
de Boer and Michels 20 were based on earlier values of the second virial 
coefficient. Since there is still some uncertainty as to which values 
of the second virial coefficients are the better ones, no attempt was 
made to redetermine the constants given by de Boer. 
Hydrogen. A comparison of the experimental data for the second 
virial coefficient of hydrogen determined by White and Johnston, 80 
Michels et al., 52 Knaap et a1. 45 and Goodwin30 with the various methods 
of calculation is given in Figure 9. 
Argon. The second virial coefficient of argon determined 
experimentally by Whalley and Schneider, 79 Michels et a1., 54 Kerr, 39 
Cath and Onnes,
13 
and Fender and Halsey
28 
are shown in Figure 10. 
These experimental values are compared with the various methods of 
calculation used in this work. 
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Figure 8. Comparison of Calculated and Experimental Second Virial 
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Figure 9. Comparison of Calculated and Experimental Second Virial 
Coefficients of Hydrogen. 
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Figure 10. Comparison of Calculated and Experimental Second Virial 
Coefficients of Argon. 
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Computational Methods  
The computations in this thesis were performed on a Burroughs 220 
electronic digital computer. All of the programs were written in 
Burroughs Algebraic Compiler language, a dialect of ALGOL 58. All of 
the computations except the determination of the BWR constants described 
in Appendix A were performed in single precision (8 place) floating 
point arithmetic. The least squares fit of the BWR constants was 
accomplished using triple precision (28 place) in all operations where 
loss of significant figures could occur. 
A complete description of all the different programs used in the 
computations would be impractical. The enhancement factor calculations 
were accomplished with a general program with different subprograms for 
the particular equation of state considered. The details of this program 
were given by Kirk.
42 
It was slightly modified here. The general method 
of calculation was to begin at low pressures along an isotherm, compute 
an initial value of yl based on an enhancement factor of unity, compute 
a gas volume by iterative solution of the particular equation of state, 




compute a corrected value of 
the enhancement factor. This iteration was continued until the change 
in yl was less than 0.01 per cent. 
One computer program which perhaps is worth including in some 
detail is the one used to compute phase equilibria in the argon-hydrogen 
system directly from the BWR equation of state. The method, though used 
here for a binary system, could be generalized to include more compo-
nents. The method of approach was worked out jointly with Dr. Kirk, 
though he did the complete programming. This was accomplished after 
the completion of his thesis work and is therefore described in some 
detail in Appendix E. 
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CHAPTER VI 
COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS 
Enhancement Factors 
General 
Enhancement factors were calculated for each of the experimental 
isotherms for both the argon-helium and argon-hydrogen systems and com-
pared with the experimental results. The calculated results are given 
at 10 atm intervals up to 120 atm in Tables 21 through 23 in Appendix I. 
In describing the various methods of prediction, the nomenclature used 
is consistent with that of Kirk. 2 Table 11 gives this nomenclature 
and the equation numbers from which the predictions are made. One dif-
ference is significant, however; all of these methods do include the 
term In yixi , which was assumed to be zero by Kirk. Kirk referred to 
two types of prediction; those based on "homogeneous" methods and 
"hybrid" methods. The "homogeneous" methods refer to predictions for 
which the various interaction terms and the volume of the gas mixture, 
V
m
, in the enhancement factor equation, Equation (I-7), are computed 
from a single equation of state. For the methane-hydrogen system, 
Kirk found that the best prediction methods were those which combined 
the qualities of the virial equation of state with those of the BWR 
equation of state. These were referred to as "hybrid" methods of 
prediction. The second virial interaction coefficient and in some 
cases the second virial coefficient of the pure components were 
87 
Table 11. Symbols for Methods of Predicting Enhancement 
Factors 
- 	- 
Eq. Numbers a for 
- -Homogeneous- - 
Eq. Numbers
a 
for Eq. Numbers a for 
Symbol Calculating Calculating Vin Mixture relations 
BWR 56, 47, 48, A-31 46-48 49, 	50, 	52-54 
PPGL 7, 	32, 4o 4, 	32, 	4o 36, 	38, 	39 
LJCL 7, 9, 12 4, 	9, 12 13-16 
LJ3Q 7, 12, 17 4, 12, 17 13-16, 18-20 
KIH 7, 12, 26 4, 12, 26 13, 14, 16, 	19, 
23, 27 











Symbol Symbol Eq. No. Symbol Eq. No. g Eq. No. a 
B1 PPGL 32, 40 PPGL 32 53, 	54 
B2 BWR 57 LJCL 9 53, 54 
B3 LJCL 9 LJCL 9 53, 	54 
B4 LJCL 
LJ3Q 9, 17 LJ3Q 17 53, 	54 











Symbol Eq. No. a Symbol Eq. No. a Eq. No.a 
H1 BWR 57 PPGL 32 61 
H2 PPGL 32, 40 PPGL 32 61 
H3 KIH 23, 26 KIH 26 61 
H4 BWR 57 KIH 26 61 
H5 LJCL 9 LJCL 9 61 
H6 LJCL 
LJ3Q 9, 17 LJ3Q 17 61 
a 
Equation numbers 
KIHA is a method 
adjusted average 
refer to Chapter IV, unless otherwise indicated. 
of correlating the argon-helium system based on an 
of the parameter (U0A) 12 . 
90 
calculated from the theoretical methods, LJ3Q, LJCL, and KIH, or from 
the generalized method, PPGL, and the higher terms calculated from the 
BWR equation of state. The difference between the H and B series of 
"hybrid" calculations is in the mixture relation for (aa)
m
. However, 
it should be noted that there is not necessarily a correspondence be-
tween like numbers in the B and H series, e.g., B 1 and H1 do not use 
the same method of calculating B 11 and B22 . Since no BWR constants were 
available for helium, the "hybrid" methods are restricted to the argon-
hydrogen system. 
The "homogeneous" method, KIHA, is not strictly a method of pre-
diction. This is a method of correlating the argon-helium enhancement 
factors developed by Mullins and Ziegler 59 based on an adjustment of 
the mixing rule for (Uo/k) 12 and is discussed later in this chapter. 
It is included in Table 11 for reference since it appears on the 
following figures. 
Argon-Helium System  
The selected values of the experimentally determined enhancement 
factors from Table 16 for the 68.07 ° , 80.06° , 86.02° and 108.02° K iso-
therms are shown in Figures 11 through 14 compared with the various pre-
diction methods. The other isotherms gave similar results. None of the 
methods of prediction work well for this system. The fault with all of 
the methods is the inability of the mixture rules to accurately predict 
B12, the second virial interaction coefficient. It is interesting that 
the more exact quantum methods, LJ2Q and KIH do not give as good results 
as the classical LJCL and the generalized PPGL. The close agreement 
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Figure 11. Comparison of Predicted and Experimental Enhancement 
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Figure 12. Comparison of Predicted and Experimental Enhancement 



















Figure 13. Comparison of Predicted and Exper imental Enhancement 

















Figure 14. Comparison of Predicted and ExperiEental Enhancement 
Factors for Argon-Helium at 108.02 K. 
95 
relations of Pitzer and Curl
61 
were originally chosen to agree with the 
LJCL at low temperatures. 
Argon-Hydrogen System 
The selected values of the experimentally determined enhancement 
factors from Table 18 for the 68.04° , 79.01° , 86.95° , and 105.010 K 
isotherms are shown in Figures 15-18 compared with the "homogeneous" 
and selected "hybrid" methods of prediction. All of the "homogeneous" 
methods which utilized the individually calculated virial coefficients, 
LJ3Q, LJCL, KIH, and PPGL are in excellent agreement with the experimen-
tal values up to about 40 atmospheres at 68.04° K and 60 atmospheres at 
105.010 K. Above these pressures the "homogeneous" methods diverge, 
with the exception of PPGL and BWR. The reason that PPGL does not 
diverge appears to be because of a slightly low fit at the low pressures 
rather than because of a better overall fit. The BWR equation predicts, 
in general, values of the enhancement factor which are too low. This 
is true in spite of the fact that the pure second virial coefficients, 
B
11 
and B22, predicted by BWR are much too negative (see Figures 9 and 
10). This implies that had the BWR equation predicted correct values 
of B
11 
and B22, the agreement would have been much worse. This con-




Of the various "hybrid" methods of prediction listed in Table 11, 
calculations were made on at least one isotherm for all but B2 and H4. 
These calculated values are given at 10 atm intervals up to 120 atm in 
Table 23, Appendix I. The value of the enhancement factor at 110 atmos-
pheres for each experimental isotherm is compared with these various 1 












Figure 15. Comparison of Predicted and Experimental Enhancement 






























Figure 16. Comparison of Predicted and Experimental Enhancement 

























Figure 17. Comparison of Predicted and Experimental Enhancement 
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Figure 18. Comparison of Predicted and Experimental Enhancement 
Factors for Argon-Hydrogen at 105.01 K. 
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Table 12. Results of Hybrid Calculations for the 
Enhancement Factor of Argon in Hydrogen 
at 110 Atmospheres Pressure Compared 




68.04 73.05 79.01 86.95 94.21 99.95 105.01 
Bl 1.421 1.207 1.019 0.806 0.673 0.588 0.524 
B2 
B3 - - - - 0.666 
B4 1.484 1.272 1.084 0.866 0.727 0.637 0.568 
B5 1.432 1.225 1.044 0.835 0.702 0.617 0.551 
H1 1.450 - 1.053 0.841 - - 0.557 
H2 1.427 - 1.022 o.8o8 - - 0.525 
H3 1.438 1.229 1.047 0.837 0.704 o.618 0.553 
H4 - 
H5 - - 0.668 
H6 1.491 1.277 1.088 0.869 0.729 0.638 0.569 
Experimental 1.399 1.213 1.038 0.864 0.745 0.671 0.616 
100 
101 
"hybrid" methods of prediction in Table 12. The difference between cal-
culations of the B series and the corresponding H series (e.g., Bl and 
H2) was extremely small, indicating that the different (ace) m mixture 
rules are not significant in this system at pressure levels less than 
110 atmospheres. The results for H2, H3, and H6 are shown in Figures 
15 through 18 compared with the various "homogeneous" methods and the 
experimental results. The "hybrids," B2, Hi, and H4 are not recommended 
because the BWR is used to predict the virial coefficients B 11 and B22 . 
Although the agreement with the experimental values is no worse than 
some of the other hybrids, the agreement is considered somewhat fortui-
tous. H1 and H2 were found by Kirk
42 
to represent best the hydrogen-
methane system. H1 is not recommended here for the reason mentioned 
above. H2 is in excellent agreement over the solid-gas region, but the 
predicted values of the enhancement factor appear to be almost twenty 
per cent low at 105.01 ° K and 120 atmospheres. This is interesting, 
because had the solubility of hydrogen in argon been neglected or the 
product ylx1 been taken as one, the agreement would have been improved 
considerably. The other two "hybrids" H3 and H6, shown in Figures 15-
18 were considered promising because LJ3Q and KIH appeared to give the 
best representation of the second virial interaction coefficients and 
the second virial interaction coefficient, B 12 . H6 predicts enhance-
ment factors which are approximately 21 per cent high at 68.04 ° K and 
110 atmospheres, and about 14 per cent low at 105.01 ° K and 120 atmos-
pheres. H3 predicts enhancement factors which are approximately 10 per 
cent high at 68.o4° K and 110 atmospheres and 14 per cent low at 
105.01° K and 120 atmospheres. 
102 
Three-Phase Line  
Equation (I-20) relates the value of ln yi
1X1 
 to the freezing 
point depression. From Equations (III-10) and (III-11), which represent 
the three-phase line of argon-helium and argon-hydrogen, and Equation 
(III-9) which was selected to represent the melting curve of pure argon, 
the value of In 	was calculated at 10 atmosphere intervals up to 
120 atmospheres. From the least squares surface fit of the Henry's law 
constants, given by Equations (III-6) through (III-8) and the coeffi-
cients given in Tables 3 and 4, the value of x
1 
and y1 were calculated 
at each point. These values are given in Table 13. The activity 
coefficients for argon in the argon-helium system are very consistent 
and very nearly unity. As might be expected, the activity coefficients 
of argon in the argon-hydrogen system deviate more from unity and indi-
cate a positive deviation from Raoult's law. 
Equation (I-20) was also used to predict the three-phase line 
assuming that the liquid solution was ideal and the solid pure argon. 
Since x
1 
is a function of both T and P, the equation must be solved 
iteratively. The results are shown in Figure 7. 
Second Virial Interaction Coefficient  
The second virial interaction coefficient of argon-helium and 
argon-hydrogen were calculated from Equation (IV-56) and the experimen-
tal enhancement factors in Tables 16 and 18. The results are shown in 
Figures 19 and 20 as a function of P (--P01). The values of B11 and B22 
and all other necessary quantities were calculated as in the enhance-
ment factor calculations for KIH. The values of B
12 
obtained by graph- 
Table 13. Activity Coefficient of Liquid Argon Along 
Locus of the Three-Phase Line 
Pressure Melting Point
a 
Three-Phaseb Comp. of Liquid 	Activity 
of Pure Argon 	Line 	Mole Percent Coefficient 
T, °K P, atm 	T, °K 	  	Argon 	 Y1 
- - - -Argon-Helium- - - - 
20 84.299 84.220 99.870 0.9997 
4o 84.8o5 84.655 99.735 0.9996 
6o 85.309 85.091 99.601 0.9997 
8o 85.809 85.52o 99.466 0.9998 
100 86.307 85.934 99.333 0.9996 
120 86.802 86.324 99.201 0.9991 
- - - -Argon-Hydrogen- - 	- 	- 
20 84.299 83.376 97.934 1.0023 
4o 84.805 83.057 95.957 1.0064 
6o 85.309 82.845 94.114 1.0121 
8o 85.809 82.714 92.373 1.0190 
100 86.307 82.638 90.709 1.0269 
120 86.802 82.590 89.101 1.0354 
a 
Calculated from Equation (III - 9) 
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Figure 19. Second Virial Interaction Coefficient of Argon-Helium 















20 	 40 	 60 	 80 	 100 	 120 
(P-p 01 ), atm 
Figure 20. Second Virial Interaction Coefficient of Argon-Hydrogen 






ical extrapolation of the curves in Figures 19 and 20 to (P-p01) = 
are given in Table 14. These extrapolated values are compared in 
Figures 21 and 22 with the various values of B12 given by the pre-
diction methods used in the enhancement factor calculations and the 
experimental determinations of B
12 
by Knobler et al. 46 as adjusted by 
Prausnitz and Myers.
66 
The predicted second virial interaction coefficients of argon-
helium do not agree well with the values obtained from the experimental 
enhancement factors. This was not unexpected in view of the poor pre-
diction of the enhancement factor discussed earlier. The curve labeled 
KIHA is based on an adjusted mixing rule for (Uo/k)12 in the Kihara core 
model and is discussed in the next section. The one other experimental 
value of B12 reported in this temperature range was obtained at 90
o 
K 
from differential PVT measurements by Knobler et al. 46 The originally 
reported value of + 6.6 cc/gm mole has been corrected to + 0.4 cc/gm mole 
by Prausnitz and Myers
66 
to agree with the values of B
11 
and B22 given 
by the Kihara core model and the parameters of Table 10. In determining 
a value of B
12 
from PVT measurements it is necessary to know the values 
of B11 and B22 . The corrected value of B12 of + 0.4 cc/gm mole is com-
pared with the results of this work in Figure 21 and is seen to be in 
good agreement. 
The predicted values of the second virial interaction coefficient 
of argon-hydrogen agree well with the values obtained from the experi-
mental enhancement factors. Note that the BWR gives values somewhat 
high even though both virial coefficients B 11 
and B
22 
predicted by BWR 
KIHA 
0 FROM ENHANCEMENT FACTORS THIS WORK 
A FROM DIFFERENTIAL PVT MEASUREMENT 
KNOBLER ET AL (1959) AS ADJUSTED BY 
PRAUSNITZ & MYERS (1963) 






















1000/T, ° K -1 
Figure 21. Comparison of Predicted and Experimental Second Virial 
Interaction Coefficients of Argon-Helium. 
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Figure 22. Comparison of Predicted and Experimental Second Virial 
Interaction Coefficients of Argon-Hydrogen. 
Table 14. Second Virial Interaction Coefficients Calculated 








12 °K cc/gm mole 
68.07 -7.7 68.04 -93.8 
74.05 -5.2 73.05 -81.2 
77.90 -3.5 79.01 -70.3 
80.06 -2.3 86.95 -58.9 
86.02 -0.2 94.21 -49.5 
91.98 +1.4 99.95 -44.1 




were low (see Figures 9 and 10). Also shown in Figure 22 is one experi-
mental value of B
12 
reported by Knobler et al. 46 from differential PVT 
measurements as corrected by Prausnitz and Myers.
66 
The original value 
reported was -52.1 cc/gm mole compared with the corrected value shown 
in Figure 23 of -58.9 cc/gm mole. 
It is interesting to note that the values of B
12 
 obtained here 
for both argon-helium and argon-hydrogen lie between the values reported 
by Knobler et al.
46 
and these same values corrected by Prausnitz and 
Myers
66 
to another choice of the pure second virial coefficients, B
11 
and B22 . The values of B12 as obtained here are essentially independent 
of the pure second virial coefficients. 
Correlation of Enhancement Factor for Argon-Helium 
A simple method of correlating the enhancement factor for the 
argon-helium system is given by the curves labeled KIHA in Figures 11-
l4. This method described elsewhere 59 is the same as KIH with an 
adjusted value of the energy parameter (U o/k) 12 for the Kihara core 
model. The value of 38.08 ° K given by the geometric average was 
arbitrarily adjusted to a value of 29.8 ° K to fit the values of B12 
 computed from the experimental enhancement factors. The agreement of 
B12 
calculated using this adjusted value with the experimental values 
is seen in Figure 21. Prausnitz and coworkers
64,66 
have pointed out 
that if the forces of interaction are primarily London dispersion 
forces the geometric average for the energy parameter gives too large a 
value and is actually an upper limit on the correct value. Thus the 
value of (Uo/k)12 was adjusted in the expected direction. 
111 
The agreement of the experimental enhancement factors with KIHA 
is excellent up to about 70 atmospheres for all isotherms and is only 
about 5 per cent high at 120 atmospheres. 
Phase Equilibria of Argon-Hydrogen Predicted 
By the BWR Equation of State  
Solutions of Equations (IV-65), (Iv-66) and (IV-67) were made at 
the temperatures corresponding to the experimental phase equilibrium 
measurements in the liquid-gas region and at pressures up to 120 atm 
using the parameters for the BWR equation given in Table 10. The method 
of calculation is described in Chapter IV and Appendix E. The predicted 
gas and liquid compositions are labeled as curves A in Figure 23 for the 
94.21° K isotherm and Figure 24 for the 105.01° K isotherm. Motard and 
0rganick
58 
have found a good correlation for the H 2-CH4-C 2H6 system by 
arbitrarily adjusting 	In their fit of PVT data for hydrogen, they 
had not found the fit sensitive to y2 and therefore could arbitrarily 
adjust y2 in fitting phase equilibrium data without changing the calcu-
lated PVT properties. The effect on the argon-hydrogen system of arbi-
trarily changing the value of y2 from 0.0030 to 0.0022 is shown by 
curve B in Figures 23 and 24. The agreement is good. The maximum error 
in the gas and liquid phase composition is less than 10 per cent. The 
effect of using the (aa) m mixture rule (Equation (IV-61) as proposed by 
Hydrocarbon Research Inc. 49 is to predict better agreement for the 
liquid composition, but worse agreement for the gas phase composition. 
These results are not shown in Figures 23 and 24. No attempt has been 
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Figure 23. Comparison of Liquid and Gas Compositions in the Argon-
Hydrogen System Predicted by BWR Equation with Experimental 
















Figure 24. Comparison of Liquid and Gas Compositions in the Argon-
Hydrogen System Predicted by BWR Equation with Experimental 
Results at 10,5.01 K. 
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equilibria in the argon-hydrogen system from the BWR equation, the 
purpose being to illustrate the feasibility of correlation, and to 
examine the results obtained from the set of constants obtained for 
hydrogen in this work from the low temperature PVT data of Goodwin 
et al.
31 and the data of Michels et a]. 53 
The values of the activity coefficient of argon in the liquid 
phase predicted by the adjusted value of y2 are shown in Figure 25 as 
a function of temperature. These values are in excellent agreement 
with the values of the activity coefficient determined from the freez-
ing point depression given in Table 13, also shown in Figure 25. 
A FROM FREEZING POINT DEPRESSION (TABLE 13) 
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Figure 25. Comparison of Activity Coefficients of Argon in Saturated 
Liquid Solution of Argon-Hydrogen Calculated from Freezing 
Point Depression and BWR Equation. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Equilibrium gas compositions of the argon-helium system have 
been determined along isotherms in the gas-solid region at 68.07 ° , 
74.05° , 77.90° , and 80.06 ° K and in the gas-liquid region at 86.02° , 
91.98° , 97.51° , and 108.02° K at pressures up to 120 atm with an 
accuracy of ± 3 per cent of the mole fraction of argon. Equilibrium 
liquid compositions were determined with an accuracy of ± 2 per cent 
of the mole fraction of helium. The gas phase compositions do not 
agree with the dew-point data of McCain 51 which appear to be in error 
by as much as 40 per cent in the region of overlap (99.74 °-108.02° K). 
The liquid phase compositions agree well with the data of McCain 51 
 below 120° K except for his lowest point at 99.92 ° K which appears to 
be in error by about 20 per cent. The Henry's law constants extrapo-




between 84.05 ° and 87.530 K being about two to three times greater.
* 
Equilibrium gas phase compositions of the argon-hydrogen system 
After the completion of this work, preliminary data for the solubility 
of helium in argon were obtained in a private communication from W. B. 
Streett. The values of Henry's law constant at infinite dilution 
determined from his data appear to agree with the values obtained in 
the present work within ± 5 per cent over the temperature range 
92.0° to 107.24° K. Dr. Streett also indicated that preliminary data 
for the gas phase composition agree quite well with the data of the 
present work. His measurements extend to 1000 psia. 
116 
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have been determined along isotherms in the gas-solid region at 68.04 0 
73.05 0 , and 79.01 ° K at pressures up to 110 atm. In the liquid-gas 







K at pressures up to 120 atm. All compositions are 
believed accurate to ± 2 per cent of the mole fraction of the minor com-
ponent. The solubility of hydrogen in argon measured here agrees well 
with the data of Volk and Halsey
78 
at low pressures but differs by as 
much as 15 per cent at 101 atm, the highest pressure measured by Volk 
and Halsey. Their results are believed to be in error at high pressures. 
The gas phase and liquid phase compositions expressed in terms of 
the enhancement factor and Henry's law constant are accurately repre-
sented by an analytical representation obtained by a least squares sur-
face fit. In this fitting procedure the independent variables chosen 
were (1/T) and ( p ) 
' P-- 01' . 
The methods used to predict the enhancement factor for the 
argon-helium system are not adequate because no method correctly pre-
dicts the value of the second virial interaction coefficient. The 
more theoretically correct methods involving quantum corrections, KIH 
and LJ2Q, give much poorer results than the LJCL and PPGL. A simple 
correlation (KIHA) developed by Mullins and Ziegler 59 by adjusting 
the value of the parameter (U o/k) 12 in the Kihara core model (KIH) 
to 29.8° K agrees with the experimental results for the enhancement 
factor within three per cent up to 60 atm and within five per cent up 
to 120 atm. 
The "homogeneous" methods used to predict the enhancement factor 
in the argon-hydrogen system gave good results up to about 50 atm 
118 
pressure, but with the exception of PPGL all failed to converge (i.e., 
prediction of negative volumes) at pressures as high as 120 atm. All 
methods produced results which agree within ten per cent up to 50 atm. 
The "hybrid" methods converged at all pressures up to 120 atm and 
gave, in general, results which were in good agreement with the experi-
mental results. No significant difference results in the use of the 
(aa)
m 
mixture rule (Equation (IV-61)) proposed by Hydrocarbons Research, 
Inc.
49 
The results predicted by the"hybrid i methods were essentially 
the same as the uhomogeneousu methods up to 50 atm, and at 110 atm agreed 
within 25 per cent of the experimental results. 
The second virial interaction coefficients calculated from the 
experimental phase equilibrium data for both the argon-helium and 




K from differential. PVT measurements as corrected by Prausnitz 
and Myers,
66 
the difference being about 0.6 cc/gm mole for argon-helium 
and 5.0 cc/gm mole for argon-hydrogen. The accuracy of the values 
determined in this work are thought to be ± 3 cc/gm mole for the B
12 
of argon-helium and ± 2 cc/gm mole for argon-hydrogen. 
The BWR equation was used with unexpected success to predict the 
phase equilibrium compositions of both the liquid and gas phases of the 
argon-hydrogen system. The predicted value of the gas phase composition 
agrees within ± 25 per cent of the experimental results at 110 atm 
between 86.95 ° and 105.01
o 
K, and within ± 40 per cent of the experimen-
tal solubility of hydrogen in argon. By adjusting one parameter, y 2 , 
the predicted values were improved such that the results agreed within 
119 
± 15 per cent in the gas and ± 8 per cent in the liquid phase for the 
same conditions. 
The three-phase line of the two systems and the melting curve 
for pure argon were determined to 120 atm pressure with an accuracy of 
± 0.05° K or one half per cent of the reported pressure. The melting 
curve of pure argon agreed with the data of Clusius and Weigand
15 
to 
within the above stated accuracy. The data indicate that the argon-
helium solution is ideal along the three-phase line, and that the 
argon-hydrogen solution deviates positively from Raoult's law, the 
activity coefficient of argon being about 1.03 at 120 atm. These 
results for argon-hydrogen were found to agree well with the activity 
coefficients predicted by the BWR equation for the liquid phase. The 
results indicate that the choice of an ideal-solution in the prediction 
of the enhancement factor for argon-hydrogen is only slightly better 
than the assumption of a pure condensed phase. 
Recommendations  
Within the range of this work the least squares surface fit 
should be used for determining either the liquid phase or gas phase 
compositions in either of the two systems studied here. 
For the prediction of the enhancement factor for the argon-helium 
system outside the range of this work, the KIHA method is recommended. 
This is, of course, nothing more than a sophisticated extrapolation 
method. 
For the prediction of enhancement factors for the argon-hydrogen 
system outside the range of this work, one of the hybrid methods, either 
120 
H3 cr H2, is recommended at pressures higher than 50 atm while any of 
the homogereous methods may be used at low pressures. Within the 
accuracy of the prediction method, the solubility of hydrogen in argon 
may be igrored, though at temperatures above the range of this work the 
78 
data of Volk and Halsey' extend to 140 ° K and 96 atm and could be 
used 
For future experimental work, it is recommended that the argon-
helium and argon hydrogen systems be investigated at higher temperatures 
by modification of the present apparatus. This should establish the 
validity of the data of McCain 51 at higher temperatures for the argon-
helium system, and provide new data for the argon-hydrogen system. 
The BWR equation should be tested for use in predicting systems 
such as those common in the air separation industries. The recent work 
of Wilson et al.
82 
for the three-component system argon-nitrogen-oxygen 
should provide a good basis for comparison. To do this one would first 
have to obtain a set of constants for the BWR equation for oxygen, 
More work should be done to obtain values of B
12 
from phase 
equilibrium data now available such as for the helium-nitrogen data of 
70 
Rodewald et al,' and Buzyna et al_ 
11 
 and the hydrogen-methane data of 
Hiza and Herring 35 and Kirk, 
2 
Only after adequate methods of predict-
ing B12 are developed is it really meaningful to consider the smaller 
effects of the higher third virial interaction coefficients, C 	and 
' 112 
122, To experimentally . obtain values of the third virial interaction 
'  
coefficients, possibly the solid-gas data such as given by Hiza and 
35 Herring for the hydrogen-methane system at very low temperatures and 
121 
high pressures could be used in a manner similar to the method used here 
tc obtain B12 . One such method would be to first obtain B 12 by the 
method used here, and then fit the entire enhancement factor curve as 
a function of reciprocal volume by the method of least squares to obtain 




EVAIOATIA OF BENEDICT-WEBB-RUBIN CONSTANTS 
Determination of Constants with no Restrictions 
The Benedict-Webb-RLitin equation of state may be written in the 
form 
7 








e3 - T3.3 























(1 + yp 2 ) exp(-yp2 ) 	
R 
Thus, for a particular value of y, the equation may be made linear in 
the other seven. constants.  
For a particular set of experimental observations, Zn (pn , Tn , Pn ), 
it is desired to find a set of parameters for the BWR equation of state 







method of least squares. The choice of what error to minimize is no 
clear choice. In this work the error in the compressibility factor 
was minimized. The compressibility factor was chosen simply for 
convenience and the fact that the value does not vary over wide 
ranges as does, for example, the pressure. 
Having chosen the compressibility factor as the variable tc fit 
by least squares, the sam of the squares of the residuals for a parti-




\ Zr_- 1) - y (Ki e i n)] 	 (A-2) 
n=a_ i=1 
For a particular value of y the sum of the squares of the resi-
duals may be minimized by solving for the seven values of Ki which 
satisfy the "normal" equations. Taking the partial derivative of 
Equation (A-2; with respect to each Ki and setting the derivative equal 
to zero results in 
N 	 7 
Ak,n
(1-Z n } 
	
K ) + 
i 	
_ 	e. 	= 0 
k,n 1,n 
n=1 	 1=1 n=.1. 
(A-3) 
where N is the total number of data points and k takes on values of 1, 2, 
3, ..., 7, 




















It is to be noted that y appears only in the last row and column of A 
and the last element in C. For this reason in solving for A it is 
desirable to use a bordering method.
27 
Letting A6 represent the first 
6 rows and columns of A 
A =( 	r37 ) ■ V7 a77 
	
where IT7 is the column vector (8.1,7 , a2,7 , 	a6,7 ) 
and V7 is the row vector (a 	 a 
7,1' 	7, 0 ' 





17, 1 7 
7 6 	 1 
a' is defined by 
= a - 





As in all other calculations in this work, the computations were 
carried out on a Burroughs 220 electronic digital computer. The pro-
cedure used was first to construct the matrix A from PVT data read in 
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on punched cards, and to store the PVT data on magnetic tape for further 
use, After the solution of the first set of parameters, the PVT data 
was then. used to change only L7 V7, a
77' 
 and c 7 and then a new set of 
parameters was determined for a second value of y. The sum of the 
squares of the residuals was plotted versus gamma and subsequent values 
of gamma read into the computer as desired until the minimum value of 
the sum of the squares of the residuals was adequately defined. All 
operations involving the buildup and inversion of the matrices were 
carried out in triple precision arithmetic. 
Determination of Constants Restricted at the  
Critical Point  
The parameters of the BWR also may be determined such that the 
sum of the squares of the residuals is minimized subject to additional 
restrictions. In the present work three restrictions were imposed at 
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K 0 p m ) = 
i=1 
1 
Not only does this insure that the parameters will fit the critical 
point but that the first and second derivatives of the pressure with 
respect to density evaluated at the critical point will also be zero. 
Substitution of Equation (A-1) into Equations (A-11) and (A-12) 
yields 
7 
1 + 	K.O. + p 	K.( = 0 at p c and Tc 	(A-15) ap 7 
7 
	
 ael. 	7 	2e. 
2 	Ki ( -,--:,1 
i=1 
--) + p Ki ( T
1
) = 0 at p c and T
c 





Using the technique of undetermined multipliers, the function to be 
minimized is written as 





7 	 7 
2x1 K.( 	+ 	K. 	2 ) I 
-517-/  
7 
+ 2A [ \LK.0.-(Z-1)] 
i=1 
N 	 7 	2 
+ ( 1 - Zm + Ki 0in) , 
n=1 	 1=1 
(A-17) 
In this expression n is the total number of data points and the sub-
script c indicates that the enclosed expression is to be evaluated at 
the critical point (p c , Tc , Pc ). 
Minimizing Equation (A-17) with respect to each of the Ki 
7 7 ae. 
i=1 i=1 
i=1 	 i=1 
4 T c 
yields 
,2, 
ae 	- 	 60..\ 	(° ui\, 
x [2 (--a)
T 	
P 	2 / 
T L e i 	P (13 I - 	 aP ' c T c 
	
K. 	O. G. 	= 0 	(A-18) 1 1,n j,n 
c n=1 	 i=1 n=1 
where j = 1, 2, 	7. 
Combination of the 7 equations from Equation (A-18) with the 
three restrictive Equations (A-12), (A-13), and (A-14) results in 10 
linear equations. These can be written in matrix notation. 




	 f 	-1 	
(A-20) 
B and C are column vectors defined as 
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(A-21) C = 	0 n(zn-1) 





A is a 10 by 10 matrix. The arrangement of the elements of A is infer-
red from B and C and is such that the elements containing y will appear 
only in the last row and column of T. The solution for the seven para-
meters and three undetermined multipliers is carried out on the com- 
puter in the same manner as described earlier for the 7 by 7 matrix; 
again all computations involving the matrix inversion being carried out 
in triple precision arithmetic. 
Adjustment of BWR Constants to Fit Vapor Pressure of Liquid  
For the BWR constants to predict correctly the vapor pressure at 







07,n (Z n-1) 
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p ( p L) 	p ( pG) 	
(A-23) 
f ( p
L) = f(p0) 
	
(A-24) 
The constants of the BWR equation of state may be adjusted to describe 
the vapor pressure curve throughout the liquid range by satisfying 
Equations (A-23) and (A-24). The method used here was to adjust only 
one constant. Which constant to adjust appears to be somewhat uncer-
tain. This will be discussed further when examining the particular 
application to argon. 
At constant temperature and pressure the differential of the 
fugacity function is written as 








n J p,kn_ i 
(A-25) 
In Equation (A-25), k refers to the particular BWR constant being 
adjusted. The differential of pressure which must equal zero is 
op =P-11) 4 k "P-2--)6k—'0 ak. 
n 	 J 
Substituting Equation (A-26) into (A-25) results in 
SR Skj f 	) 	T 0_2) iu 	Tap 1, IL \)P/k jk
n 
r6RT1n 
 + L 	
f  
p,kn _ i 
(A-26) 
(A-27) 
Since it is desired to satisfy Equation (A-24) 
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GN 	 / G% 	 I 12 \ 1311n 	) + 6RT1n fo) ) RTin 	) + 6RT1n fkp ) 	(A-28) 
Thechangeintheconstantsk.reqiired to produce this change in 








The numerator of Equation (A-29) represents the difference between the 
fugacity functions evaluated at T, P and the pL  and p
G 
given by a par-
ticular set of constants. The denominator of Equation (A-29) is 
evaluated from Equation (A - 27) at pG and pL for the unadjusted constants. 
This the actual solution requires an iteration between Equation (A-29) 
and Equation (A-27) until Equation (A-24) is satisfied. Values of pL 
amd pG were calculated for each iteration. from Equation (A-1). This 
insured that Equation (A-23) was satisfied. 
Determination of BWR Constants for Hydrogen 
The BWR constants for hydrogen were determined from PVT data of 
Goodwin et al.
31 
for para-hydrogen and Michels et al. 53 fcr normal-
hydrogen. The method used was that described previously in this 
appendix without restriction at the critical point. Two hundred fifty 
one selected PVT points were used in the fit. Of these, 169 were those 
of Goodwin. et al.
31 
covering the temperature range from 40 to 100 0 K 
and densities up to 31 gm moles/liter. The remaining 82 points were 
taken from Michels et al. 53 over the range 98.150 to 198.15 °  K and 
densities up to 28.5 gm moles/liter. 	The critical density of hydro- 




?,ompressibility factors ranged from 0.49 to 1.79. Pressures 
ranged from 3.37 atm to 814.6 atm. The standard error of estimate 
is show_ in Figure 27 as a function of y. The best value of y was 
. 
taken to be 0.003. The values of the constants in liter-atm-
o 
 K- 








= 0.54767237 x 10
2 
a = -0.84030059 x 10 -3 
= 0.58987532 x 10 -3 
c 	= 1.9138500 
-0.82694217 x 10-4 
and 	 y = 0.0030 
The values of a and u were negative for all values of y tried 
for the particular set of data points described above. The negative 
values cf a and cr do not affect the calculation of the compressibility 
of pure hydrogen or mixtures of hydrogen, but the mixture rules do not 
give the correct result for the fugacity function. For this reason the 
suggestion of Ewbanks, as given by Motard and. Organick,
58 
was adopted. 
This consisted of changing the sign of a and u to plus and modifying 
b as follows: 
= b + EI21 
RT 
(A- 30) 
This change does not affect the calculation of the compressibility 
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GAMMA x 1000 
Figure 26. Determination of Optimum Gamma for BWR Constants of 
Hydrogen. 
134 
Determination of BWR Constants for Argon 
The BWR constants for argon were determined from PVT data, the 
critical constants of Michels et a1.,
54 
and the vapor pressure data of 
Michels et al. 55 plus the selected normal boiling point and triple 
point of Ziegler et a1. 84 First,295 PVT points and the critical data 
of Michels were fit by the method of least squares to obtain the best 
set of parameters in a least squares sense constrained to fit the 
critical point. The PVT data covered the temperature range from 118° 
 to 248
o 
 K, densities from 0.37 to 29.7 gm moles/liter, and pressures 
from 6.1 to 1028 atmospheres. This included 41 points in the pres-
surized liquid region. Values of the compressibility ranged from 
0.0574 to 1.84. Values of the critical constants used were: 
T
c 
= 150.86° K; Pc = 48.34 atm; and p
c 
= 13.412 gm mole per liter. 
In Figure 27 is shown the variation of the standard error of estimate 
with gamma. The values of the constants from the least square fit are 
A = 1.2874358 
	
a = 0.017373414 
	
= 5.9791362 x 10 -5 
B = 0.037352552 
	
b = 0.0019170501 	y = 0.0036 
C ° = 6505.1649 
	
c = 664.67852 
The vapor pressure of Michels et al. 55 and the selected boiling 
point and triple point of Ziegler et al. 84 were then used to adjust a 
particular constant to predict the correct vapor pressure as described 
previously in this appendix. Each of the eight constants were inde-
pendently adjusted to fit the vapor pressures. No good reason could be 
found for adjusting one rather than another and it was decided to 
74 cr 




























GAMMA x 10 
Figure 27. Determination of Optimum Gamma for BWR Constants of Argon. 
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conform with past investigators such as Stotler and Benedict, 75 and 
adjust C. 
The adjusted values of Co were approximately represented by the 
Equation (A-31). 
For T s 150.86° K 
C
o 
= [1 - 7.5175653 (T c - T) x 10 -4 + 5.3958077 
(Tc - T) 2 x 10-5 - 1.2521827 (T c - T) 3 x 10-6 
7.3843279 (Tc - T) 4 x 10 -9] 6505.1649 	 (A-31) 
The value of the standard error of estimate using the adjusted value of 
C
o 
from Equation (A-31) is 0.00623 compared to 0.00634 for the constant 
value of 6505.1649. 
APPENDIX B 
CALIBRATION OF GAS CHROMATOGRAPHS 
General 
Of the variables to be determined in the measurement of a binary 
system in equilibrium, usually the composition variables are the most 
difficult to determine. For this reason the calibration of the two 
chromatographs will be given in some detail. The chromatcgraphs were 
calibrated on a peak height basis. The peak height read from the strip 
chart was first corrected for any drifts in the calibration. This was 
accomplished by multiplying the peak height by the ratio of the peak 
height of the "standard" mixture to the peak height of the "standard" 
mixture at the time of calibration. This corrected peak height, h, was 
then multiplied by the attenuation factor, s, on the chromatograph. 
This factor was then plotted as a function of h.s/y, where y is the 
mole fraction of the minor component. One of the calibration curves 
for the argon-helium system is shown in Figure 28. Had the peak 
height been exactly proportional to the composition, the calibration 
curve would have appeared as a vertical line, i.e., the value of 
h.s/y would be constant. This appears to be nearly the case at low 
concentrations for the systems studied here. A summary of the six 
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Figure 28. Calibration Curve for Argon in Helium on Vapor 
Fractometer 154B. 





Mole Per Cent 










A-He A 0.054 - 	6.2 19 0.6 3.2 5 
A-He A 1.00 - 	15.2 10 0.3 0.6 2.5 
A-He He 0.15 - 11.5 12 0.5 1.2 10 
A-H2 A 0.34 - 	3.6 14 0.3 0.5 10 
A-H2 A 1.95 - 	32.0 
12 0.1 0.3 0.5 
A-H2 H2 
1.3 - 20.0 13 0.25 0.6 10 
Atmospheric pressure and room temperature. 
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Calibration of the 154B for Argon-Helium Analysis  
The first calibration was made on October 4, 1963 for the argon-
helium system. The argon composition varied frcm 0.0546 to 6.227 mole 
per cent, This was the poorest calibration of the six different cali-
bration curves. The difference was primarily the result of inexperience 
and the inability of the molecular sieve column to separate argon and 
oxygen at the temperature the columns were operated, 34 0 C. Small quan-
tities of air leaked into the gas sampling valve, when evacuated. This 
leakage was monitored by observing the size of the nitrogen peak. The 
leak was essentially eliminated after the original calibration curve had 
been determined, but before the curve was used for analysis of samples. 
On November 11, 1963, after the completion of the gas phase determina-
tion of the argon-helium in solid-gas range four additional points were 
determined on the calibration. curve as shown in Figure 28. These points 
were used to slightly change the shape of the curve, after which all the 
phase equilibrium points were recalculated. 
Comments on Other Calibration Curves 
In all cases except for the calibration of the model 154D for 
argon in helium, several points were checked on the calibration curve 
after the completion of all phase equilibrium runs involving that 
particular calibration curve. For the exception mentioned above, how-
ever, two of the "standard" mixtures were analyzed originally on the 
154B and found to contain 4.02 and 0.891 per cent argon. These same 
bottles were analyzed to contain 4.03 and 0.890 per cent argon on the 
calibration curve obtained for the 154D. 
141 
One "standard" bottle analyzed to contain 3.23 9 per cent argon 
in hydrogen calibrated on the 154B was found to contain 3.24
5 
per cent 
argon on the calibration obtained later for the 154D. 
For the liquid compositions no overlap calibrations were obtained, 
but checks on the calibrations were made after the completion of the 
phase equilibrium determinations. The calibration curve for hydrogen 
in argon is shown in Figure 29. 
290 298 294 
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APPENDIX C 
SUMMARY OF PHASE EQUILIBRIUM DATA 
In Tables 16 through 19 are summarized the gas-phase and liquid-
phase data for the two binary systems argon-helium and argon-hydrogen. 
Tables 16 and 18 give the data for the gas-phase composition of the 
argon-helium and argon-hydrogen systems while Tables 17 and 19 give 
the results for the liquid phase of the same two systems. 
In these tables the first column gives the code name for the 
sample number. The first letter designates the isotherm, the next num-
ber designates the particular setting of pressure and the next letter 
which is either G or L designates whether the sample was withdrawn 
through the gas or liquid sampling line. In the case of the gas-solid 
region, samples of the gas were taken from both sampling lines. The 
sequential number of the sample taken is the next integer and this is 
followed by a letter if more than one analysis was performed on the 
same sample. For example in A1G3A, A is the designation of the first 
isotherm run, 1 the first pressure setting on that isotherm, G desig-
nates that the gas was withdrawn from the gas sampling line, 3 desig-
nates it as the third sample under these conditions and A indicates 
the first analysis of the sample. 
The enhancement factor is shown for each experimental gas com-
position in Tables 16 and 18 and a Henry's law constant for each liquid 
composition in Tables 17 and 19. The Henry's law constant used here is 
1 43 
144 
defined by Equation (1-9). Values of the vapor pressure of argon were 
calculated from Equations (V-1) through (V-3). 
A selected value is given for each experimental point. This was 
not necessarily an average value. 
1 45 
Table 16. Experimental Values of Equi]ibrium Gas Phase 







P 1 100y1 
mole percent 
A1G3A 80.002 120.48 0.3951 0.583 1.777 
A1G3B 80.002 120.48 0.3951 0.582 1.774 
A1G4A 80.009 120.48 0.3955 0.589 1.794 
A1G4B 80.009 120.48 0.3955 0.590 1.797 
AMA 80.060 120.48 0.3985 0.594 1.795 
A1L1B 80.060 120.48 0.3985 0.592 1.789 
SELECTED 80.03 120.48 1.788 
A2G1A 80.057 101.16 0.3983 0.652 1.655 
A2G1B 80.057 101.16 0.3983 0.656 1.666 
A2G2A 80.057 101.16 0.3983 0.658 1.671 
A2G2B 80.057 101.16 0.3983 0.662 1.681 
A2L1A 80.118 101.16 0.4019 0.662 1.666 
SELECTED 80.08 101.16 1.668 
A3G3A 79.992 80.75 0.3945 0.753 1.541 
A3G3B 79.992 80.75 0.3945 0.754 1.543 
A3L2A 80.040 80.95 0.3973 0.752 1.532 
A3L2B 80.040 80.95 0.3973 0.752 1.532 
A3G4A 79.991 80.95 0.3944 0.752 1.543 
A3G4B 79.991 80.95 0.3944 0.751 1.541 
SELECTED 80.01 80.90 1.539 
A4G1A 80.022 60.68 0.3962 0.918 1.405 
A4G1B 80.022 60.68 0.3962 0.914 1.399 
A4G1c 80.022 60.68 0.3962 0.918 1.405 
A4L1A 80.111 6o.68 0.4015 0.920 1.390 
A4L1B 80.111 6o.68 0.4015 0.916 1.384 
SELECTED 80.06 60.68 1.395 
A5G1A 80.049 41.57 0.3978 1.222 1.276 
A5L1A 80.101 41.57 0.4009 1.224 1.269 
A5L1B 80.101 41.57 0.4009 1.222 1.267 
A5G2A 80.058 41.57 0.3984 1.217 1.269 
SELECTED 80.07 41.57 1.271 
(continued) 
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A6G1A 80.088 20.53 0.4002 2.216 1.136 
A6L1A 80.117 20.53 0.4019 2.228 1.138 
A6L1B 80.117 20.53 0.4019 2.239 1.143 
A6G2A 80.120 20.53 0.4021 2.231 1.139 
A6G2B 80.120 20.53 0.4021 2.264 1.156 
A6G2C 80.120 20.53 0.4021 2.260 1.153 
A6G3A 80.138 20.53 0.4031 2.257 1.149 
SET:KITED 80.10 20.53 1.144 
B1G1A 73.918 115.88 0.1477 0.249 1.953 
B1G2A 73.927 115.88 0.1479 0.250 1.958 
B1G2B 73.927 115.88 0.1479 0.251 1.966 
B1L1A 73.973 115.88 0.1491 0.277 2.152 
B1L1B 73.973 115.88 0.1491 0.279 2.168 
B1L2A 73.973 115.88 0.1491 0.263 2.043 
B1G3A 73.951 115.88 0.1485 0.251 1.958 
B1G3B 73.951 115.88 0.1485 0.251 1.958 
B1L3A 73.986 115.88 0.1495 0.260 2.015 
B1L3B 73.986 115.88 0.1495 0.260 2.015 
B1G4A 73.972 115.88 0.1491 0.251 1.950 
B1L4A 73.995 115.88 0.1497 0.261 2.020 
B1L4B 73.995 115.88 0.1497 0.260 2.012 
SELECTED 73.96 115.88 1.960 
B2G1A 73.998 101.02 0.1498 0.270 1.821 
B2L1A 74.035 101.02 0.1507 0.279 1.869 
B2L1B 74.035 101.02 0.1507 0.281 1.883 
B2L1C 74.035 101.02 0.1507 0.281 1.883 
B2G2A 74.014 101.02 0.1502 0.270 1.816 
B2G2B 74.014 101.02 0.1502 0.270 1.816 
SELECTED 74.02 101.02 1.818 
B3G4A 74.138 81.50 0.1535 0.321 1.704 
B3G4B 74.138 81.50 0.1535 0.321 1.704 
B3L2A 74.191 81.50 0.1549 0.319 1.678 
B3G5A 74.177 81.50 0.1545 0.322 1.698 
SELECTED 74.16 81.50 1.693 
(continued) 
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B4G1A 74.016 61.43 0.1502 0.371 1.516 
B4L1A 74.035 61.43 0.1507 0.366 1.491 
B4G2A 74.023 61.43 0.1504 0.371 1.515 
B4G3A 74.008 61.43 0.1500 0.364 1.490 
B4G3B 74.008 61.43 0.1500 0.363 1.486 
B4L2A 74.046 61.43 0.1510 0.366 1.488 
B4G4A 74.043 61.43 0.1510 0.363 1.477 
SELECTED 74.03 61.43 1.495 
B5G1A 73.901 41.16 0.1472 0.475 1.327 
B5L1A 73.920 41.16 0.1477 0.478 1.331 
B5G3A 73.895 41.16 0.1471 0.475 1.329 
S7LECTED 73.91 41.16 1.329 
B6G1A 73.907 19.96 0.1474 0.855 1.157 
B6L1A 73.913 19.96 0.1476 0.856 1.157 
B6G2A 73.898 19.96 0.1472 0.857 1.162 
SELECTED 73.90 19.96 1.159 
B7G4A 74.031 120.34 0.1506 0.248 1.981 
B7G4B 74.031 120.34 0.1506 0.248 1.981 
B7L2A 74.019 120.34 0.1503 0.245 1.961 
B7L2B 74.019 120.34 0.1503 0.244 1.953 
B7G5A 74.021 120.34 0.1504 0.246 1.968 
B7G5B 74.021 120.34 0.1504 0.246 1.968 
SELECTED 74.02 120.34 1.969 
c1L3A 68.067 120.27 0.04844 0.0892 2.214 
C1G8A 68.005 120.27 0.04782 0.0888 2.233 
c1L4A 68.064 120.27 0.04841 0.0899 2.233 
c1L4B 68.064 120.27 0.04841 0.0889 2.208 
C1G9A 68.029 120.27 0.04806 0.0893 2.234 
c1G9B 68.029 120.27 0.04806 0.0893 2.234 
C1GOA 68.033 120.27 0.04810 0.0892 2.230 
ClGOB 68.033 120.27 0.04810 0.0889 2.223 
SELECTED 68.04 120.27 2.225 
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C2G1A 68.090 100.07 0.04867 0.0969 1.992 
C2G1B 68.090 100.07 0.04867 0.0973 2.000 
C2L1A 68.125 100.07 0.04902 0.0973 1.986 
C2L1B 68.125 100.07 0.04902 0.0981 2.002 
C2G2A 68.079 100.07 0.04856 0.0974 2.007 
C2G2B 68.079 100.07 0.04856 0.0982 2.023 
SELECTED 68.10 100.07 2.002 
C3G1A 68.062 79.73 0.04839 0.1093 1.801 
C3G2A 68.025 79.73 0.04802 0.1075 1.784 
C3G2B 68.025 79.73 0.04802 0.1081 1.794 
c3G3A 68.058 79.73 0.04835 0.1085 1.789 
031,1A 68.079 79.73 0.04856 0.1086 1.783 
C3L1B 68.079 79.73 0.04856 0.1091 1.791 
c3L1c 68.079 79.73 0.04856 0.1090 1.789 
c3G4A 68.058 79.73 0.04835 0.1090 1.797 
c3G4B 68.058 79.73 0.04835 0.1089 1.795 
SWECTED 68.07 79.73 1.792 
c4G1A 68.065 60.00 0.04842 0.1274 1.578 
C4G2A 68.070 60.00 0.04847 0.1274 1.577 
C4GPR 68.070 6o.00 0.04847 0.1276 1.579 
041,1A 68.102 60.00 0.04879 0.1279 1.572 
c4L1B 68.102 60.00 0.04879 0.1281 1.575 
SELECTED 68.08 60.00 1.576 
C5G1A 68.061 40.07 0.04838 0.1685 1.395 
C5G2A 68.065 40.07 0.04842 0.1685 1.394 
C5G2B 68.o65 40.07 0.04842 0.1699 1.406 
C5L1A 68.080 40.07 0.04857 0.1687 1.391 
C5L2A 68.076 40.07 0.04853 0.1708 1.410 
C5L2B 68.076 40.07 0.04853 0.1699 1.402 
051,20 68.076 40.07 0.04853 0.1696 1.400 
SELECTED 68.07 40.07 1.398 
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C6G1A 68.075 20.22 0.04852 0.286 1.191 
C6G1B 68.075 20.22 0.04852 0.286 1.191 
C6G2A 68.075 20.22 0.04852 0.285 1.187 
C6G2B 68.075 20.22 0.04852 0.285 1.187 
C6L1A 68.095 20.22 0.04872 0.286 1.187 
C6L1B 68.095 20.22 0.04872 0.285 1.182 
C6G3A 68.088 20.22 0.04865 0.285 1.184 
SELECTED 68.08 20.22 1.186 
D1G2A 77.876 79.93 0.2851 0.559 1.567 
D1L2A 77.903 79.93 0.2863 0.564 1.574 
D1L2B 77.903 79.93 0.2863 0.564 1.574 
D1G3A 77.880 79.93 0.2853 0.559 1.566 
D1G3B 77.880 79.93 0.2853 0.559 1.566 
D1G3c 77.88o 79.93 0.2853 0.559 1.566 
D1L3A 77.920 80.07 0.2871 0.563 1.570 
D1L3B 77.920 80.07 0.2871 0.565 1.575 
D1L3c 77.920 80.07 0.2871 0.564 1.573 
SELECTED 77.90 80.00 1.570 
D2G1A 77.886 60.14 0.2855 0.679 1.430 
D2L1A 77.920 60.14 0.2871 0.682 1.428 
D2G2A 77.884 60.14 0.2855 0.680 1.432 
D2G2B 77.884 60.14 0.2855 0.679 1.430 
SELECTED 77.90 60.14 1.430 
E104 91.975 80.27 1.604 2.943 1.472 
E1G5 91.973 80.20 1.604 2.955 1.477 
E1G6 91.990 80.20 1.607 2.943 1.469 
E1G7 91.990 80.20 1.607 2.943 1.469 
E1c8 92.021 80.20 1.611 2.951 1.468 
SELECTED 91.99 80.20 1.471 
E2G2 91.992 60.20 1.607 3.62 1.356 
E2G3 91.993 60.20 1.607 3.62 1.356 
E2G4 91.998 60.41 1.608 3.62 1.36o 
SELECTED 91.99 60.30 1.357 
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E3G2 92.001 40.14 1.608 5.04 1.257 
E3G3 92.006 40.14 1.609 5.04 1.257 
SELECTED 92.00 40.14 1.257 
E4G3 91.977 19.92 1.605 9.18 1.139 
E4G4 91.910 19.92 1.594 9.14 1.141 
E4G5 91.955 19.92 1.601 9.18 1.141 
SELECTED 91.95 19.92 1.140 
E5G2 91.962 119.80 1.602 2.248 1.680 
E5G3 91.963 119.80 1.602 2.253 1.684 
E5G4 91.965 119.80 1.603 2.261 1.689 
SELECTED 91.96 119.80 1.684 
E6G1 91.987 100.27 1.606 2.533 1.581 
E6G2 92.005 100.27 1.609 2.541 1.583 
E6G3 91.951 100.27 1.601 2.537 1.589 
E6G4 91.960 100.27 1.602 2.529 1.582 
SELECTED 91.98 100.27 1.584 
F1G1 97.494 120.07 2.621 3.60 1.649 
F1G2 97.482 120.07 2.618 3.58 1.641 
F1G3 97.500 120.07 2.622 3.59 1.644 
F1G4 97.507 120.07 2.623 3.58 1.638 
F1G5 97.511 120.07 2.624 3.57 1.633 
SELECTED 97.5o 120.07 1.641 
F2G1 97.496 100.07 2.621 4.02 1.534 
F2G2 97.496 100.07 2.621 4.02 1.534 
F2G3 97.499 100.07 2.622 4.03 1.538 
F2G4 97.501 100.07 2.622 4.05 1.545 
SELECTED 97.5o 100.07 1.538 
F3G1 97.516 80.00 2.625 4.69 1.429 
F3G2 97.526 80.00 2.628 4.7o 1.430 
F3G3 97.508 80.00 2.624 4.71 1.436 
F3G4 97.496 80.00 2.621 4.69 1.431 
SELECTED 97.51 80.00 1.432 
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Sample T o No. 	 atm atm 100yi mole percent 
F4G1 97.507 60.27 2.623 5.87 1.348 
F4G2 97.507 60.27 2.623 5.88 1.350 
F4G3 97.511 60.20 2.624 5.88 1.348 
SELECTED 97.51 60.25 1.349 
F5G1 97.510 40.00 2.624 8.28 1.262 
F5G2 97.510 40.00 2.624 8.26 1.259 
F5G3 97.512 40.0o 2.625 8.2o 1.249 
F5G4 97.511 40.14 2.624 8.16 1.248 
SELECTED 97.51 40.04 1.252 
F6G1 97.514 20.02 2.625 14.81 1.129 
F6G2 97.516 20.02 2.625 14.79 1.127 
F6G3 97.518 20.02 2.626 14.77 1.126 
SELECTED 97.52 20.02 1.127 
1(G1 97.500 60.20 2.622 5.86 1 .345 
1(G2 97.507 60.20 2.623 5.84 1.340 
SELECTED 97.50 60.20 1.342 
G1G1 86.017 80.14 0.8710 1.652 1.519 
G1G2 86.021 80.14 0.8714 1.648 1.515 
G1G3 86.022 80.14 0.8715 1.650 1.517 
G1G4 86.023 80.14 0.8716 1.650 1.517 
SELECTED 86.02 80.14 1.517 
G2G1 86.027 60.34 0.8720 2.013 1.392 
G2G2 86.021 60.27 0.8714 2.021 1.397 
G2G3 86.021 60.27 0.8714 2.005 1.386 
SELECTED 86.02 60.30 1.392 
G3G1 86.023 39.52 0.8716 2.797 1.268 
G3G2 86.027 39.52 0.8720 2.810 1.273 
G3G3 86.034 39.52 0.8727 2.814 1.274 
SELECTED 86.03 39.52 1.271 
(continued) 
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atm atm 100y1 mole percent 
G4G1 86.029 19.95 0.8722 5.00 1.143 
G4G2 86.014 19.95 0.8708 4.98 1.14o 
G4G3 86.015 19.95 0.8709 4.98 1.140 
SELECTED 86.02 19.95 1.141 
G5G2 86.022 120.07 0.8715 1.277 1.759 
G5G3 86.020 120.07 0.8713 1.275 1.756 
G5G4 86.021 120.07 0.8714 1.273 1.754 
SELECTED 86.02 120.07 1.274 1.756 
G6G5 86.009 120.20 0.8703 1.273 1.758 
G6G6 86.012 120.27 0.8706 1.279 1.766 
SELECTED 86.01 120.23 1.276 1.762 
G7G1 86.003 100.34 0.8697 1.430 1.649 
G7G2 86.006 100.41 0.8700 1.423 1.642 
G7G3 86.006 100.41 0.8700 1.432 1.652 
SELECTED 86.00 100.38 1.648 
G8G3 86.000 120.03 0.8694 1.297 1.790 
G8G4 85.993 120.00 0.8688 1.295 1.788 
G8G5 85.997 119.93 0.8691 1.295 1.786 
SELECTED 86.00 120.00 1.788 
G9G2 86.023 120.00 0.8716 1.285 1.769 
G9G3 86.023 120.00 0.8716 1.266 1.742 
G9G+ 86.023 120.00 0.8716 1.281 1.763 
SELECTED 86.02 120.00 1.754 
H1G1 108.000 120.00 5.769 7.71 1.603 
H1G2 108.006 120.00 5.771 7.71 1.603 
H1G3 108.025 120.00 5.779 7.7o 1.598 
HiG4 108.022 120.07 5.778 7.72 1.604 
SELECTED 108.01 120.00 1.602 
(continued) 
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(concluded) 
Sample T 
No. 	o F 	atm atm 100yi mole percent 
112G1 108.013 100.07 5.774 8.76 1.518 
H2G2 108.009 100.07 5.773 8.78 1.522 
H2G3 108.021 100.07 5.777 8.77 1.519 
SELECTED 108.01 100.07 1.520 
H3G1 108.045 80.00 5.787 10.32 1.426 
H3G2 108.043 80.00 5.786 10.36 1.432 
H3G3 108.040 80.00 5.785 10.36 1.432 
H3G4 108.039 80.00 5.784 10.34 1.430 
SELECTED 108.04 80.00 1.430 
114G1 108.036 60.00 5.783 12.92 1.340 
H4G2 108.038 60.00 5.784 12.84 1.331 
H4G3 108.040 60.00 5.785 12.92 1.340 
114G4 108.043 60.00 5.786 12.92 1.339 
SETRCTED 108.04 60.00 1.338 
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P-Px2 ) (01/ 
E1L1A 91.992 80.20 78.59 0.749 104.9 
E1L1C 91.992 80.20 78.59 0.764 102.9 
SELECTED 91.99 80.20 78.59 0.756 104.0 
E2L1A 91.999 60.41 58.80 0.580 101.4 
E2L1B 91.999 60.41 58.80 0.578 101.7 
E2L1C 91.999 60.41 58.80 0.581 101.2 
SELECTED 92.00 60.41 58.80 0.580 101.4 
E3L1A 92.004 40.14 38.53 0.387 99.6 
E3L1B 92.004 40.14 38.53 0.387 99.6 
E31,10 92.004 40.14 38.53 0.386 99.8 
SELECTED 92.00 40.14 38.53 0.387 99.6 
ELIL1A 91.955 19.92 18.31 0.192 95.4 
E4L1B 91.955 19.92 18.31 0.192 95.4 
F41,1C 91.955 19.92 18.31 0.193 94.9 
SELECTED 91.96 19.92 18.31 0.192 95.4 
E5L1A 91.968 119.80 118.19 1.071 110 .4 
E5L1B 91.968 119.80 118.19 1.071 110.4 
SELECTED 91.97 119.80 118.19 1.071 110.4 
E6L1A 91.961 100.27 98.66 0.917 107.6 
E6L1B 91.961 100.27 98.66 0.917 107.6 
E6L1c 91.961 100.27 98.66 0.917 107.6 
SELECTED 91.96 100.27 98.66 0.917 107.6 
F1L1A 97.513 120.07 117.44 1.412 83.2 
F1L1B 97.513 120.07 117.44 1.403 83.7 
F1L1C 97.513 120.07 117.44 1.403 83.7 
SELECTED 97.51 120.07 117.44 1.406 83.5 
(continued) 
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100x
2 mole percent 
K .10 2 
 ( P-P01/ x 2 ) 
F2L1A 97.503 100.07 97.44 1.211 80.5 
F2L1B 97.503 100.07 97.44 1.213 80.3 
F2L1C 97.503 100.07 97.44 1.213 80.3 
SELECTED 97.50 100.07 97.44 1.212 80.4 
F3L1A 97.496 80.00 77.37 0.984 78.6 
F3L1B 97.496 80.00 77.37 0.986 78.5 
F3L1c 97.496 80.00 77.37 0.984 78.6 
SELECTED 97.50 80.00 77.37 0.985 78.6 
F4L1A 97.519 60.20 57.57 0.756 76.2 
F4L1B 97.519 60.20 57.57 0.756 76.2 
F4L1c 97.519 60.20 57.57 0.757 76.1 
SELECTED 97.52 60.20 57.57 0.756 76.2 
F5L1A 97.512 40.14 37.51 0.499 75.2 
F5L1B 97.512 40.14 37.51 0.499 75.2 
F5L1c 97.512 40.14 37.51 0.499 75.2 
SELECTED 97.51 40.14 37.51 0 .499 75.2 
F6L1A 97.524 20.02 17.39 0.2404 72.3 
F6L1B 97.524 20.02 17.39 0.2400 72.5 
F6L1c 97.524 20.02 17.39 0.2389 72 .8 
SELECTED 97.52 20.02 17.39 0.240 72.5 
F7L1A 97.513 60.20 57.57 0 .756 76. 2 
F7L1B 97.513 60.20 57.57 0.741 77.7 
F7L1c 97.513 60.20 57.57 0.746 77.2 
SELECTED 97.51 60.20 57.57 0.748 77.o 
G1L1A 86.015 80.14 79.26 0.5 50 144.1 
G1L1B 86.015 80.14 79.26 0.551 143.9 
G1L1C 86.015 80.14 79.26 0 .549 144.4 
SELECTED 86.02 80.14 79.26 0.550 144.1 
(continued) 
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G2L1A 86.024 60.27 59.39 0.419 141.8 
G2L1B 86.024 60.27 59.39 0.419 141.8 
G2L1C 86.024 60.27 59.39 0.417 142.4 
SELECTED 86.02 60.27 59.39 0.418 142.1 
G3L1A 86.033 39.52 38.64 0.282 137.0 
G3L1B 86.033 39.52 38.64 0.282 137.0 
G3L1c 86.033 39.52 38.64 0.284 136.1 
SELECTED 86.03 39.52 38.64 0.283 136.6 
G4L1A 86.004 19.97 19.10 0.142 134.5 
G4L1B 86.004 19.97 19.10 0.143 133.6 
G4L1c 86.004 19.97 19.10 0.143 133.6 
SELECTED 86.00 19.97 19.10 0.143 133.6 
G4L2A 86.012 19.97 19.09 0.143 133.6 
G4L2B 86.012 19.97 19.09 0.143 133.6 
G4L2C 86.012 19.97 19.09 0.143 133.6 
SELECTED 86.01 19.97 19.09 0.143 133.6 
G7L1A 86.010 100.41 99.53 0.677 147.0 
G7L1B 86.010 100.41 99.53 0.675 147.5 
G7L1c 86.010 100.41 99.53 0.673 147.9 
SELECTED 86.01 100.41 99.53 0.675 147.5 
H1L1A 108.019 120.07 114.29 2.220 51.5 
H1L1B 108.019 120.07 114.29 2.214 51.6 
H1L1C 108.019 120.07 114.29 2.214 51.6 
SFTPCTED 108.02 120.07 114.29 2.216 51.6 
H2L1A 108.027 100.07 94.29 1.879 50.2 
H2L1B 108.027 100.07 94.29 1.879 50.2 
H2L1C 108.027 100.07 94.29 1.879 50.2 
SELECTED 108.03 100.07 94.29 1.879 50.2 
(continued) 
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Table 18. Experimental Values of Equilibrium Gas 
Phase Compositions in the Argon-Hydrogen System 
Sample 
No. 
T o atm 	Paa 
100yi 
 mole percent 
11G3 86.936 60.07 	0.9618 5.05 3.153 
I1G4 86.956 60.07 0.9639 5.05 3.147 
11G5 86.961 60.07 	0.9644 5.06 3.151 
SELECTED 86.95 60.07 3.15 
I2G2 87.002 120.27 	0.9686 6.85 8.51 
12G3 87.010 120.27 0.9694 6.85 8.5o 
12G4 86.975 120.34 	0.9658 6.85 8.53 
12G5 86.944 120.34 0.9626 6.85 8.56 
SELECTED 86.97 120.30 8.52 
13G2 86.949 100.20 	0.9632 6.03 6.27 
13G3 86.943 100.20 0.9625 6.03 6.28 
13G4 86.948 100.27 	0.9631 6.04 6.29 
SELECTED 86.94 100.20 6.28 
14G2 86.944 80.00 	0.9626 5.41 4.495 
14G3 86.947 80.00 0.9630 5.41 4.494 
SELECTED 86.94 80.00 4.495 
15G2 86.940 40.34 	0.9622 5.23 2.192 
15G3 86.944 40.34 0.9626 5.22 2.187 
15G4 86.935 40.34 	0.9617 5.2o 2.181 
SELECTED 86.94 40.34 2.186 
16G1 86.943 19.99 	0.9625 7.10 1.474 
16G2 86.945 19.99 0.9627 7.10 1.474 
SELECTED 86.94 19.99 1.474 
J1G1 94.197 120.41 	1.9693 10.48 6.41 
J1G2 94.203 120.34 1.9703 10.50 6.41 
J1G3 94.211 120.34 	1.9717 10.48 6.4o 
J1G4 94.213 120.34 1.9721 10.43 6.36 
J1G5 94.223 120.34 	1.9738 10.46 6.38 
SELECTED 94.21 120.34 6.38 
(continued) 
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J2G1 94.194 100.34 1.9687 9.48 4.83 
J2G2 94.194 100.34 1.9687 9.48 4.83 
J2G3 94.200 100.34 1.9698 9.45 4.81 
J2G4 94.198 100.34 1.9694 9.46 4.82 
SELECTED 94.20 100.34 4.82 
J3G1 94.204 80.00 1.9705 8.8o 3.572 
J3G2 94.207 80.00 1.9710 8.82 3.579 
SELECTED 94.21 80.00 3.576 
J4G1 94.204 60.00 1.9705 8.56 2.606 
J4G4 94.211 60.00 1.9717 8.57 2.607 
SRLF,CTED 94.21 60.00 2.607 
J5G1 94.213 39.80 1.9721 9.46 1.909 
J5G2 94.209 39.80 1.9714 9.46 1.909 
J5G3 94.209 39.80 1.9714 9.46 1.909 
J5G4 94.213 39.80 1.9721 9.41 1.899 
J5G5 94.212 39.80 1.9719 9.45 1.907 
SELECTED 94.21 39.80 1.905 
J6G1 94.189 20.12 1.9679 13.55 1.385 
J6G2 94.216 20.12 1.9726 13.51 1.377 
J6G3 94.208 20.13 1.9712 13.53 1.381 
J6G4 94.222 20.13 1.9737 13.53 1.379 
SELECTED 94.21 20.13 1.380 
K1G1 99.953 6o.34 3.2013 12.54 2.363 
K1G2 99.943 60.41 3.1987 12.56 2.372 
KiG3 99.948 60.41 3.2000 12.54 2.367 
SELECTED 99.95 60.41 2.367 
K2G1 99.945 40.00 3.1992 14.20 1.775 
K2G2 99.952 40.00 3.2010 14.15 1.768 
K2G3 99.954 40.00 3.2015 14.15 1.767 
K2G4 99.951 40.00 3.2008 14.15 1.768 
SELECTED 99.95 40.0o 1.768 
(continued) 
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T 	P 	P 1 	100y1 
No. 	 K atm mole percent 
K3 al 99.953 20.00 3.2013 21.16 1.321 
K3G2 99.963 20.02 3.2038 21.08 1.317 
K3G3 99.967 20.02 3.2048 21.16 1.321 
SELECTED 99.96 20.02 1.320 
K4G2 99.931 119.73 3.1957 14.20 5.32 
K4a3 99.943 119.73 3.1987 14.17 5.3o 
SELECTED 99.94 119.73 5.31 
K5a1 99.941 100.41 3.1982 13.10 4.112 
K5G2 99.941 100.34 3.1982 13.14 4.122 
K5G3 99.943 100.34 3.1987 13.10 4.109 
SELECTED 99.94 100.34 4.115 
Kali 99.953 80.00 3.2013 12.49 3.121 
K6G2 99.951 80.00 3.2007 12.49 3.121 
K6G3 99.945 80.00 3.1992 12.44 3.110 
K6G)+ 99.950 80.00 3.2005 12.47 3.116 
K6G5 99.960 80.00 3.2031 12.47 3.114 
SELECTED 99.95 80.00 3.115 
K7a1 99.953 60.68 3.2013 12.49 2.367 
K7G2 99.953 60.68 3.2013 12.53 2.375 
SELECTED 99.95 60.68 2.371 
L1G1 105.016 60.20 4.688 16.97 2.179 
L1G2 105.007 60.20 4.685 16.94 2.176 
L1a3 105.004 60.20 4.684 16.94 2.177 
SELECTED 105.01 60.20 2.177 
L2G1 105.000 40.41 4.682 19.61 1.692 
L2G2 105.002 40.41 4683 19.61 1.692 
L2G3 105.001 40.41 4683 19.47 1.680 
SELECTED 105.00 40.41 1.686 
L3G1 105.019 20.26 4.689 29.44 1.272 
L3G2 105.006 20.26 4.684 29.41 1.272 
L3G3 105.010 20.26 4.686 29.30 1.266 
SELECTED 105.01 20.26 1.269 
(continued) 
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 mole percent 
L4G1 105.005 119.80 4.684 17.76 4.542 
L4G2 105.006 119.80 4.684 17.74 4.537 
L4G5 104.996 119.59 4.681 18.28 4.670 
L4G6 105.005 119.59 4.684 18.35 4.685 
L4G7 105.007 119.59 4.685 18.31 4.674 
SELECTED 105.00 119.59 4.680 
L5G1 105.019 100.27 4.689 17.09 3.654 
L5G2 105.020 100.27 4.689 17.09 3.654 
SELECTED 105.02 100.27 3.654 
L6G1 105.004 79.93 4.683 16.53 2.821 
L6G2 105.007 79.93 4.684 16.53 2.820 
SELECTED 105.01 79.93 2.820 
1.1L3A 79.051 109.86 0.34216 3.399 10.91 
m1L4A 79.056 109.86 0.34242 3.422 10.98 
SELECTED 79.05 109.86 10.95 
M2G2A 78.987 100.0 0.33882 3.160 9.33 
M2L1A 79.026 100.0 0.34085 3.200 9.39 
M2L1B 79.026 100.0 0.34085 3.204 9.40 
M2G3A 78.996 100.0 0.33929 3.160 9.31 
M2G3B 78.996 100.0 0.33929 3.160 9.31 
M2L2A 79.031 100.0 0.34112 3.184 9.33 
M2L2B 79.031 100.0 0.34112 3.180 9.32 
SELECTED 79.01 100.0 9.33 
M3G1A 78.961 80.27 0.33748 2.694 6.41 
M3L1A 78.986 80.27 0.33877 2.754 6.53 
M3G2A 78.974 80.27 0.33815 2.694 6.4o 
M3G2B 78.974 80.27 0.33815 2.694 6.4o 
M3L2A 79.003 80.27 0.33966 2.714 6.41 
M3L2B 79.003 80.27 0.33966 2.710 6.4o 
SELECTED 78.98 80.27 6.42 
(continued) 
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o atm aPw. 100yi  mole percent 
M4G2A 78.967 60.00 0.33779 2.36o 4.19 
M4L1A 79.004 60.00 0.33971 2.38o 4.20 
m4L1B 79.004 60.00 0.33971 2.388 4.22 
m4G3A 78.981 60.00 0.33851 2.36o 4.18 
m4G3B 78.981 60.00 0.33851 2.364 4.19 
SELECTED 78.98 60.00 4.2o 
M5G2A 78.981 40.00 0.33851 2.236 2.642 
M5L1A 79.015 40.00 0.34028 2.251 2.646 
M5L1B 79.015 40.00 0.34028 2.253 2.648 
M5G3A 78.972 40.00 0.33805 2.234 2.643 
M5G3B 78.972 40.00 0.33805 2.234 2.643 
SELECTED 78.98 40.00 2.645 
M6G1A 78.984 20.28 0.33867 2.742 1.641 
M6G2A 78.997 20.28 0.33934 2.753 1.645 
M6L1A 79.030 20.28 0.34106 2.769 1.646 
M6L1B 79.030 20.28 0.34106 2.781 1.653 
M6G3A 79.002 20.28 0.33960 2.765 1.651 
M6G3B 79.002 20.28 0.33960 2.761 1.648 
SELECTED 79.00 20.28 1.647 
N1G1A 73.007 110.00 0.12565 1.870 16.37 
N1L1A 73.040 110.00 0.12640 1.866 16.24 
N1L1B 73.040 110.00 0.12640 1.870 16.27 
N1G2A 72.992 110.00 0.12531 1.874 16.45 
N1G2B 72.992 110.00 0.12531 1.870 16.42 
SELECTED 73.02 110.00 16.35 
N2L3A 73.073 90.14 0.12715 1.565 11.10 
N2L4B 73.082 90.14 0.12735 1.560 11.04 
N2G6A 73.086 90.14 0.12744 1.571 11.11 
N2G6B 73.086 90.14 0.12744 1.575 11.14 
SELECTED 73.08 90.14 11.06 
(continued) 
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atm m at1 
100yi 
 mole percent 
N3G1A 73 .034 70.61 0.12625 1.290 7.21 
N3L1A 73.058 70.61 0.12680 1.316 7.33 
N3G2A 73.034 70.61 0.12626 1.284 7.18 
N3 G2B 73.034 70.61 0.12626 1.282 7.17 
N3L2A 73.062 70.61 0.12689 1.290 7.18 
SELECTED 73.04 70.61 7.20 
N4G1A 73.021 50.34 0.12596 1.077 4.30 
N4L1A 73.057 50.34 0.12678 1.083 4.30 
N4L1B 73.057 50.34 0.12678 1.081 4.29 
N4G2A 73.038 50.34 0.12635 1.077 4.29 
N4G2B 73.038 50.34 0.12635 1.077 4.29 
SELECTED 73.04 50.34 4.29 
N5G1A 73.057 30.25 0.12678 1.017 2.426 
N5L1A 73.077 30.25 0.12724 1.021 2.427 
N5L1B 73.077 30.25 0.12724 1.021 2.427 
N5G2A 73.054 30.25 0.12671 1.019 2.432 
N5G2B 73.054 30.25 0.12671 1.021 2.437 
SELECTED 73.06 30.25 2.43 
N6G1A 73.058 20.25 0.12680 1.140 1.820 
N6L1A 73.065 20.25 0.12696 1.145 1.826 
N6L1B 73.065 20.25 0.12696 1.145 1.826 
N6G2A 73.052 20.25 0.12666 1.138 1.819 
N6G2B 73.052 20.25 0.12666 1.139 1.820 
SELECTED 73.06 20.25 1.823 
O1G5A 68.034 110.34 0.048107 1.094 25.09 
O1L2A 68.048 110.34 0.048247 1.094 25.02 
01G6A 68.033 110.34 0.048097 1.098 25.19 
011,3A 68.067 110.34 0.048437 1.105 25.17 
011,3B 68.067 110.34 0.048437 1.105 25.17 
O1G7A 68.048 110.34 0.048247 1.105 25.27 
O1G7B 68.048 110.34 0.048247 1.105 25.27 
SELECTED 68.05 110.34 25. 20 
(continued) 
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o atm aPq 
100yi 
mole percent 
02L3A 68.073 90.54 0.04849 0.906 16.91 
02G4A 68.057 90.54 0.048337 0.903 16.91 
02G4B 68.057 90.54 0.048337 0.905 16.95 
02T4A 68.084 90.54 0.04860 0.903 16.82 
0214B 68.o84 90.54 0.04860 0.904 16.84 
SELECTED 68.07 90.54 16.87 
03G1A 68.004 69.59 0.047808 0.691 10.06 
03G2A 67.998 69.59 0.047749 0.691 10.07 
03L1A 68.023 69.59 0.047997 0.700 10.15 
03G3A 68.004 69.59 0.047808 0.690 10.04 
03L2A 68.024 69.59 0.048007 0.695 10.07 
03L2B 68.024 69.59 0.048007 0.696 10.09 
03G4A 67.998 69.59 0.047749 0.693 10.1u 
03G4B 67.998 69.59 0.047749 0.693 10.10 
SELECTED 68.01 69.59 10.10 
04G1A 68.034 50.41 0.048107 0.539 5.65 
041,1A 68.062 50.41 0.048387 0.542 5.65 
04G2A 68.036 50.41 0.048127 0.538 5.64 
04G2B 68.036 50.41 0.048127 0.542 5.68 
041,2A 68.062 50.41 0.048387 0.542 5.65 
04L2B 68.062 50.41 0.048387 0.544 5.67 
SELECTED 68.05 50.41 5.66 
05G2A 68.031 29.92 0.048077 0.460 2.862 
051,1A 68.068 29.92 0.04844 0.467 2.884 
05G3A 68.044 29.92 0.048207 0.461 2.861 
05L2A 68.067 29.92 0.048437 0.458 2.829 
05L2B 68.067 29.92 0.048437 0.458 2.829 
o5G4A 68.044 29.92 0.048207 0.459 2.848 
05G4B 68.044 29.92 0.048207 0.461 2.861 
SELECTED 68.05 29.92 2.85 
06L1A 68.007 20.05 0.047838 0.485 2.032 
o6G2A 67.971 20.05 0.047481 0.481 2.031 
06G3A 67.994 20.05 0.047709 0.481 2.021 
06G3B 67.994 20.05 0.047709 0.482 2.025 
06L2A 68.023 20.05 0.047997 0.485 2.026 
SELECTED 68.00 20.05 2.025 
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2 mole percent 
R.10-2 
(P-p01/x2 ) 
I1L1A 86.952 60.07 59.10 6.36 9.29 
I1L1B 86.952 60.07 59.10 6.36 9.29 
IlL1C 86.952 60.07 59.10 6.35 9.31 
SELECTED 86.95 60.07 59.10 6.36 9.29 
I3L1A 86.948 100.27 99.3o 10.23 9.71 
I3L1B 86.948 100.27 99.30 10.25 9.69 
13L1c 86.948 100.27 99.3o 10.24 9.7o 
SELECTED 86.95 100.27 99.30 10.24 9.70 
I4L1A 86.946 80.00 79.03 8.47 9.33 
I4L1B 86.946 80.00 79.03 8.48 9.32 
14L1c 86.946 80.00 79.03 8.47 9.33 
SELECTED 86.95 80.00 79.03 8.47 9.33 
I5L1A 86.945 40.34 39.37 4.32 9.12 
I5L1B 86.945 40.34 39.37 4.32 9.12 
I5L1C 86.945 40.34 39.37 4.32 9.12 
SELECTED 86.94 40.34 39.37 4.32 9.12 
I6L1A 86.944 19.99 19.02 2.143 8.88 
I6L1B 86.944 19.99 19.02 2.143 8.88 
16L1c 86.944 19.99 19.02 2.143 8.88 
SELECTED 86.94 19.99 19.02 2.143 8.88 
J1L1A 94.206 120.34 118.36 14.58 8.12 
J1L1B 94.206 120.34 118.36 14.58 8.12 
SELECTED 94.21 120.34 118.36 14.58 8.12 
J2L1A 94.198 100.34 98.37 12.05 8.16 
J2L1B 94.198 100.34 98.37 12.08 8.14 
J2L1C 94.198 100.34 98.37 12.08 8.14 
SELECTED 94.2o 100.34 98.37 12.07 8.15 
(continued) 
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100x2 mole percent (Pp01/x2 ) 
J3L1A 94.211 80.00 78.02 9.62 8.11 
J3L1B 94.211 80.00 78.02 9.62 8.11 
J3L1c 94.211 80.00 78.02 9.62 8.11 
SELECTED 94.21 80.00 78.02 9.62 8.11 
J4L1A 94.211 60.00 58.02 7.2o 8.06 
J4L1E 94.211 60.00 58.02 7.2o 8.06 
J4L1c 94.211 60.00 58.02 7.2o 8.06 
SELECTED 94.21 60.00 58.02 7.2o 8.06 
J5L1A 94.211 39.80 37.82 4.71 8.03 
J5L1B 94.211 39.80 37.82 4.71 8.03 
J5L1C 94.211 39.80 37.82 4.71 8.03 
SELECTED 94.21 39.80 37.82 4.71 8.03 
J6L1A 94.196 20.13 18.16 2.303 7.88 
J6L1B 94.196 20.13 18.16 2.300 7.90 
J6L1C 94.196 20.13 18.16 2.300 7.90 
SELECTED 94.20 20.13 18.16 2.301 7.89 
K2L1A 99.951 40.00 36.79 5.06 7.27 
K2L1B 99.951 40.00 36.79 5.06 7.27 
K2L1C 99.951 40.00 36.79 5.06 7.27 
SELECTED 99.95 40.00 36.79 5.o6 7.27 
K3L1A 99.968 20.02 16.81 2.310 7.28 
K3L1B 99.968 20.02 16.81 2.313 7.27 
K3L1C 99.968 20.02 16.81 2.310 7.28 
SELECTED 99.97 20.02 16.81 2.311 7.28 
K4L1A 99.945 119.73 116.53 16.49 7.07 
K4L1B 99.945 119.73 116.53 16.40 7.10 
K4L1c 99.945 119.73 116.53 16.44 7.09 
SELECTED 99.94 119.73 116.53 16.44 7.09 
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K5L1A 99.945 100.34 97.14 13.53 7.18 
K5L1B 99.945 100.34 97.14 13.50 7.2o 
K5L1c 99.945 100.34 97.14 13.50 7.20 
SELECTED 99.94 100.34 97.14 13.51 7.19 
K6L1A 99.965 80.00 76.79 10.59 7.25 
K6L1B 99.965 80.00 76.79 10.58 7.26 
K6L1c 99.965 80.00 76.79 10.57 7.27 
SELECTED 99.96 80.00 76.79 10.58 7.26 
K7L1A 99.945 60.68 57.48 7.89 7.28 
K7L1B 99.945 60.68 57.48 7.89 7.28 
K7L1c 99.945 60.68 57.48 7.89 7.28 
SELECTED 99.94 60.68 57.48 7.89 7.28 
L1L1A 105.007 60.20 55.51 8.29 6.7o 
L1L1B 105.007 6o.20 55.51 8.25 6.73 
L1L1C 105.007 60.20 55.51 8.27 6.71 
SELECTED 105.01 60.20 55.51 8.27 6.71 
L2L1A 105.001 40.41 35.72 5.28 6.77 
L2L1B 105.001 40.41 35.72 5.29 6.75 
L2L1C 105.001 40.41 35.72 5.29 6.75 
SELECTED 105.00 40.41 35.72 5.29 6.75 
L3L1A 105.013 20.26 15.57 2.297 6.78 
L3L1B 105.013 20.26 15.57 2.289 6.8o 
L3L1c 105.013 20.26 15.57 2.292 6.79 
SELECTED 105.01 20.26 15.57 2.292 6.8o 
L4L1A 105.008 119.59 114.90 18.04 6.37 
L4L1B 105.008 119.59 114.90 17.97 6.39 
L4L1C 105.008 119.59 114.90 18.02 6.38 
SELECTED 105.01 119.59 114.90 18.01 6.38 
(continued) 
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R -2 (P.10 
-P01/ 2 ) 
L5L1A 105.021 100.27 95.58 14.73 6.49 
L5L1B 105.021 100.27 95.58 14.71 6.50 
L5L1c 105.021 100.27 95.58 14.75 6.48 
SELECTED 105.02 100.27 95.58 14.73 6.49 
L6L1A 105.011 79.93 75.24 11.38 6.61 
L6L1B 105.011 79.93 75.24 11.38 6.61 
Laic 105.011 79.93 75.24 11.38 6.61 
SELECTED 105.01 79.93 75.24 11.38 6.61 
APPENDIX D 
EXPERIMENTAL VAPOR PRESSURE OF ARGON 
At the conclusion of all other phase equilibrium measurements, 
a number of vapor pressure determinations were made for pure argon. 
These measurements tend to lend confidence to the measurement of 
temperature, the measurement of pressure, and the purity of the argon. 
The results of the measurements are given in Table 20 compared with the 
vapor pressures calculated from Equation (V-3). At the lower pressures 
the vapor pressures were measured on both the 0-3000 psig and on the 
0-600 psig Ashcroft gauges. The agreement between the two gauges and 
with the equation of Michels et al., 55 while not extremely good, was 
within the accuracy claimed for the temperature and pressure measure-
ments in this work, namely ± 0.03 ° K and one half per cent of the 
reported pressure. 
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140.03 31.69 31.41 0.33 0.05 
135.05 25.5o 25.19 0.24 -0.07 
130.04 20.46 20.18 0.42 0.14 
125.19 16.17 15.89 0.39 0.11 
120.11 12.40 12.17 0.34 0 11 
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APPENDIX E 
COMPUTATION OF PHASE EQUILIBRIA FROM 
THE BWR. EQUATION OF STATE 
A method of predicting phase equilibria in binary systems such 
as encountered here in the argon-hydrogen system is described for the 
BWR equation of state. The relations required in the calculation, in 
addition to those given in Chapter IV, are given below. The K factor 
of component i is given by 




i l/y1 1 = yi/xi 
i 	is 	i  
In searching for values of density which are solutions of the BWR 
equation of state, the following relations obtained from Equation 
(IV-46) are utilized to determine the maximum, the minimum, and points 
of inflection of the equation, 
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The partial molal volume of component i is calculated from the relation 
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Values of the activity coefficient of component 1 and 2 in the liquid 
phase are calculated from the relations 














= 1) (E-6) 
, — 	 — y2 = f21  (T,pm ,x2 )/x2 f2 (T,pi ,x2 = 0) 	 (E-7) 
The activity coefficient of component 1 is referred to pure component 1 
at the system temperature and pressure, whereas the activity coefficient 
of component 2 is referred to the infinitely dilute state at the sys-
tem temperature and pressure. 
In describing the method of computation, reference is made to 
Figure 30 which shows two typical P versus p curves of the BWR equation 
of state, one curve below the critical temperature and the other above 
the critical temperature. If curve II were for a pure component, the 
solution for the vapor pressure at T would lie somewhere along the 






Figure 30. Typical Isotherms for BWR Equation of State of Constant 
Compositions Above and Below the Critical Temperature. 
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gas and liquid density in equilibrium, are at points B and C. This is 
not true if the curve represents a line of constant composition, unless 
it happens to be an azeotrope. It is convenient to characterize a 
curve by the values of Pmax , Pmin , pmax , pmin and the slope of the 
curve at its point of inflection. If the temperature is above the 
critical temperature, the slope at the inflection point is positive 
and there is no maximum or minimum. In systems such as the argon-
hydrogen system, a trace of the liquid composition is of the kind 
represented by II whereas the gas phase in equilibrium may be of the 
type I, and the equilibrium values corresponding to P might be given 
by A and C. 
A brief flow chart illustrating the method of computation is 
given in Figure 31. This does not accurately describe the actual pro-
gram, which had a great deal more flexibility and therefore was con-
siderably more complex. The flow chart is given to illustrate a rela-
tively simple approach to the problem which will guarantee convergence 
if there is a solution of the three non-linear equations required to 
predict phase equilibria from the BWR equation along an isotherm. The 
calculations of the vapor pressure of pure component 1 and the corres- 




and fG were accomplished in a subprogram. 
1 
This involved first finding solutions of the BWR equations of state for 
	
values of pi 	G and p and then calculation of f L and fG from these values 
1 1 	 1 	1 
) 	(1) 	(0 for two initial values of the vapor pressure, io
(0 
 n and p01 = 1.02 pol
) 
 . 
Further trial values of p01 were found by Aitken's method of polynomial 
interpolation. 57 The method was used to interpolate or extrapolate to 
Read BWR Constants 
Read T, AP 1 , AP, P HIGH 
& Trial Values of P 01 ,P 1  I-, and p i 
(+) 
Is T 0 ? 
(- )  
Calculate P01, p1 L p1 G , fi L , f 1 G  
K 1 = (T1 l-/x 1 )/(71 G/y 1 ) 
K2 /7 L 	//7 G 1. 2 = %12 7Y2, 
x l = (1 -K2)/(K -K 2 ) 
yl = K i x i 
Calculate p m l-, pm G at x 1 , y i & P 
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from Eq. (IV-46) 
from Vapor Pressure Subprogram 
Calculate (f 2 /x2) & 	/y2) 
at x2 = 0 from Eq. (IV-55) 
Calculate (T1 l- /x1), (Y-/x2), (fiG/Y1) 
& (T2G/y2) from Eq. (IV-55) 
(+) 
Is (Ti 	L)/T1  L or 
(T2G_T2 L)/F2 L > 10-4 
Get on even P  
Calculate - 	y2', V 1 , V2 
from Eq. (E-4), (E-6) & (E-7) 
K i 	x i = 1.0 
x2 =Y2= 0  
K2 = (r2 L /x2)/(F2 G/y2) 
AP 1 = AP 1 - P 01 
Write Answers 
P = P + AP, First Loop AP 
(+ ) 
Is P > P max 
(-) 
K 1 = K1(P-AP)/P =K i /P 
K 2 = K2 (P-AP)/P = R 2/P 
Figure 31. Schematic Diagram of a Method for Computing Phase Equilibria 




value of p01 corresponding to a fugacity error, f
G-fL 1 1' 
of zero from the n-1 previous trials. The iteration is continued until 
fG-f /f 	10 4 . If the BWR equation was originally fit to vapor pres- 
1 1 
sure data, no convergence difficulties should occur at this point. 
One necessary condition, however, is that there exists solutions of 
pG and pL for each trial value of the vapor pressure. This is insured 
1 
by requiring that each trial value of vapor pressure be between Pmax 
 and Pmin . 
After completing the solution of the vapor pressure and the 
corresponding values of p1 , p1 , flL  and fl,the partial molal quantities 
of component two are calculated at infinite dilution. The value of 
T2/y2 and TI-27x2 are calculated directly from Equations (E-4) and 
(IV-55) using the calculated values of density pG and pi. The computa- 
tion of the first equilibrium mixture is then begun after stepping the 
pressure to the next desired even value above p 01 . At this point it is 
necessary to have a good trial value for the liquid and gas composition 
in order to achieve convergence. This is done by assuming that the 
Henry's law constant defined by Equation (F-26) does not vary between 
P and P + AP. Convergence can be assured by making PP sufficiently 
small. 
n




Ki = P 	 (E-9) 
From these initial values of K
1 
and K2, values of x
1 
and y1 are cal-
culated. Referring now to Figure 30, the value of p G corresponding to 
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 and f2 /x2 . 
From these fugacity coefficients new K values are calculated and the 
G-i -71i\r7 
iteration continued until (T 
	)/rt < 10 -4 for both components. 
APPENDIX F 
THERMODYNAMIC RELATIONS INVOLVING HENRY'S LAW CONSTANTS 
A useful parameter for describing the composition of the liquid 







is the Henry's law constant. A common definition of Henry's law con-
stant at constant temperature is given by Equation (F-2). 
— 
H = f2 
/X2 
(F-2)  
The value of the constant at infinite dilution is given by Equation 
(F-3). 
—G 






Thus, H is a function of temperature, pressure and composition, whereas 
o . 
H is a function of temperature, pressure and the properties of the 
pure solvent. 
The activity coefficient, y;_ for a non-ideal solution is nor-




4i = 4i (P,T) + RT 1n x iyi (F-4) 
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For the type of system considered here, it is customary to refer the 
chemical potential of component 1 to pure component 1 under its vapor 
pressure , p01 . Thus, as x
1 
	1, y' -4 1, and 
L 	ac- m ■ 
41 = 41 °01" ) (F-5) 
This is not a satisfactory standard state for component 2 since it does 
not exist as a pure liquid at this temperature. For this reason the 
standard state for component 2 is usually referred to infinite dilution. 
As x2 -4 0, P p
01 
and N2 -4 1. Thus, 42 (p01,T)  corresponds to the 




The fugacity of component 2 in the gas phase is defined by 



















is the value of 42 
	 2 
when the fugacity of the gas is fo ' an arbi- 
trary standard fugacity taken as the ideal gas at one atmosphere. 




P2 = P2 
(F-8) 
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Substituting Equations (F-4) and (F-6) into (F-8) and rearranging, 
results in Equation (F-9). 
2 	 * 
RT In = RT In y2 + 42 (P,T) - µ2(T)
x2f2 
(F - 9) 
For f
2 
equal to unity this may be written as 
74G 
1n H = In 	= In 	+ [1..). 2 (P,T) - µ2(T)]/RT 	(F-10) x2 
2 
At infinite dilution, Equation (F-10) reduces to Equation (F-11). 
In H° = [,2 -(1001' 	- - T) 22 (T)]/RT -  (F-11) 
In order to develop the temperature and pressure dependence of H and 
. 	
i H° , it s necessary to develop several other relations. From the 
fundamental relation 
2 
dG .-SdT + VdP + 
• dn ' 1 1 
(F-12) 
i=1 
the pressure and temperature effects on the chemical potential are 












Hi = 	+ 	= 4i - 
p,n 
Equation (F-14) may be rearranged to give Equation (F-16). 







Applying the results of Equation (F-16) to the standard state of com-
ponent 2 at infinite dilution yields Equation (F-17). 
r_.(11:(P,T)/T) i 	H2 
L 	aT  — 2 JP 	T (F-17) 
_m 
H2 is the partial molal enthalpy of component 2 at infinite dilution. 
Similarly, 
r
a µ2 (p, T ) 





is the partial molal volume of component 2 at infinite 
dilution. 
Evaluation of Heats of Solution from Henry's Law Data 
Equation (F-11) may be differentiated with respect to reciprocal 






a In Ho 	T2 (a In Ho dP 
	
(F-19)- d(1/T) 	( aT 	J aP T dT 
Substituting the appropriate relations, Equation (F-17), (F-18) and 
(F-11), Equation (F-19) may be rewritten as Equation (F-20). 
_m 	_m 









In Equation (F-20) the pressure is the vapor pressure of component 1. 
In most cases this is small and the last term may be neglected. If this 
is so, experimental values of Henry's law constant at infinite dilution 
may be plotted against (1/T) and the value of the heat of solution of 
an ideal gas into an infinitely dilute solution may be calculated from 
the slope. 
The Krichevsky-Karsanovsky Equation  
Equation (F-10) and (F-11) may be combined to give 
*, 	. 	* 




From Equations (F-18) and (F-21) 
(F-21) 
P 00 
In H = ln H° + ln y2 / 	1 r dp RT J 	V2 	 (F-22) 
I)01 
_m 
















Thus, if the Krichevsky-Karsanovsky equation is followed, a plot of 
In (Tg/x2 
 ) versus (P-p
01
) should be straight with the intercept equal 
-CO 
to ln H° and the slope (V2/RT). 
Different Forms of Henry's Law Constant  
For correlating solubility data it is quite often more convenient 






















Equation (F-24) is very useful for correlating data from several sources 
since it requires no knowledge of, the composition of the gas phase. The 
limiting value of Equation (F-24), Equation (F-25), is not easily related 
to the limiting form of Equation (F-10) given by Equation (F-11). Equa-
tion (F-26) requires a knowledge of the composition of the gas phase, 
but is easily converted to Equation (F-10) and (F-11). The fugacity 
coefficient is defined by 
—G 
f. = X. Y. P a. 	a. 
A 	H 




If the virial equation, Equation (IV-4), is used, x 2 is given by 
In x2 = - In Zm + 2(y2 B22 + yl B12 )/Vm 
2 
Y. Y2 C 222 2y2y1C 122 - 1
2C 112I/2V m2(F-30) 
 
At infinite dilution the value of x 2 is given by 














DERIVATION OF THE VOLUME IMPLICIT RELATION FOR THE 
ENHANCEMENT FACTOR 
Consider a binary system at a temperature, T, and pressure P, 
such that a gas and a condensed phase exist in equilibrium. 
LG 
111 = 41 
L 	* 
Pi = 41 (P,T) + RT.1n yixl 	Y1 1, x1 --. 1 
Equation (G-2) defines the activity coefficient y i, based on the chem-
ical potential of pure 1 at T and P. As .)/ 3/_ 	1, P —.p01 and 
L 	*/ 
41 = 41 lip01 ,T) (G- 3) 
The effect of pressure on p
1 





■ 	 1 





The chemical potential of a pure condensed phase at saturation pressure, 
p
01
, must be the same as for the pure gas at p01. 
CO 
Vol F 
pµ(pp T) - g
o 




- RT ln 





Equation (G-6) may be derived from the following fundamental equation 
for the change in the molal free energy at constant T. 




= [g(V01' T)-g(Vw,T)] + [g(Vw,T)-g° (V
01
,T)] 




01 	1 atm 
T dV = J
r 
d(PV)-PdV + J 
RV










RT  --)dV - RT In 
V 	 RT 
vol 
(G-8)  
o is the free energy of 1 mole of gas in the ideal state at one atmos-
phere pressure. 




VT) , 	g° = 	r p ) 	RT.] 	 V 41 (  m 	1 Ln / - 	V dV - RT In  
1 V,T,n j 2 
RT 
Vm 
+ RT In yi 




_m 	1 	 1 





 = [4G 0 ,T) - G  (V,T)] + [4G 	
1 
(V,T) - 4 ° (V
m 
 ,7)] 
+ [4(Vm,T) - 4 (1)_ (1 atm,T)] + [4(1 atm,T) 
o, - g
1
0_ atm,T)] (G-10) 
The fundamental relation which expresses the change in chemical poten-
tial with volume at constant temperature and composition is 
G 
av T,n ,n 
1 2 
_ ( 6P an1 n2' T ' V 
(G-11) 
CO 	 = 
4G (V ,T) - g ° (1 atm,T) 
	( 6P ) 	
dV - j 	dV 





EI dV + RT In y 
j 	V 	 1 
1 atm 
(G-12) 
Equation (G-9) follows directly from Equation (G-12). Combining Equa-
tions (G-1), (G-2), (G-5), (G-6) and (G-9) yields the final desired 
expression for the enhancement factor. 
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 + RT J 	v1dP + RT j [P 	dVp


















LEAST SQUARES SURFACE FIT USING ORTHOGONAL FUNCTIONS 
Several times in the course of this investigation a method of 
fitting data on a thermodynamic surface was needed in order to obtain 
or compare values at other points on the surface. Since, in general, 
the data are not at evenly spaced intervals, and are not smoothed 
data, no simple interpolation scheme was suitable. The method used 
here is a modification of the method described by Bain,
1 
 who fitted 
P-V-T data for steam by a least squares approach in which the compres-
sibility was represented by a double infinite series in density and 
inverse temperature. 
Bain's method was slightly modified to permit a truncation of 
one independent variable. The method is then as follows. A set of 
(M + 1) functions 4
k
(x,y)) are said to be orthogonal over a data set 




= 0 	k) 	 (11-1) 
i=1 
Given a set of functions, orthogonal with respect to a particular data 
set, the value of the dependent variable, z, can be represented as 
z = 	C * (x y) 	 (H-2) 
j=0 
188 
The C. are weighting factors which are determined by the criteria used 
to fit z.. In this case they were found by requiring that the sum of 
the squares of the residuals, 
N 	N 	M 
2 1 F 
R1 =  	 Lzi 
i=1 i=1 	J=0 
2 
(xi ,Y0] (H- 3) 
be minimized. Equating the partial derivatives with respect to each of 
the weighting factors, C., equal to zero, results in the following 
solution for each of the C.. 
C. = 	z.*.(x.,y.)/ 
	
*.3 (x.1 ,Y.)*.(x,Y.); 	=0 , 1 , 2 , ...,M 	(H-4 ) 
i=1 i=1 
The set 	may be generated in a number of ways. One method 
used here is described as follows. Let p and q be the maximum powers 
of x aril y, respectively, occurring iri the set 	 Further, let *J . 
p z q. The set {4r.} contains terms xm yn such that 0 5 m 5 p and 
0 5 n 5 q. Let {g} be a subset of {If i } such that (g) consists of all 
the *i 's containing terms with a maximum power (m+n) of g. The 



























x - 	u0,1 111 0 
Y - 	°20,2 11 0 	- 	(Y1,2 111 1 
2 x 	- a0,3 * o - a1,3 *1 	(7 2,3 *2 
yv 	ry 	* 
-' - 	-0,4ro - c'1,4 *1 - 	c'2,4 *2 - c'3,4 * 3 
2 
Y 	- '10,5 *o - a1,5*1  - c'2,5*2 - c'3,5 * 3 	a4,5*4 
x 	a0,r*o 	ar-1,r *r-1 ; r = g(g+1) /2 
q-1 1  x 	Y 	- a0,r+00 - 	ar,r+i *r 	0 g g g q 
g > q 
*r+g 	
y 	a = - 	 - 
0,r+g o 	a r+g-1,r+glir+g-1 
*r 	= xP - a0,r * o - 	ar_ i,r *r _ i ; r = (q+l)( 2g - q)/ 2 "' 
= xp y ll 
lir+1 	 0,r+1 *0 	air,r+1 1/fr q g g g P 
*r+q 	= 	P-qq - a0,r+q*o 
- 	a 	 (H-5) r+q-1,r+q l/f r+q-1 
The orthogonal coefficients, a.., are determined from the require-i) 




= a0,1 	E *0 * 0 
Y1 ifro - 	 
a0,2 E o o 
E Yi *i(xi ) 
a'1,2 - E 111 1 (x0111 1 (xi ) (H-6) 
The advantages of using a fitting scheme as described above are 
several. In general, less error due to loss of significant figures is 
190 
incurred than is normally the case for schemes which require matrix 
inversion. Another advantage is that the power of the fitting function 
can be increased without recalculating any of the previously calculated 
C. and a... One disadvantage can occur if it is necessary to convert 
13 
the coefficients and weighting factors of the orthogonal functions to 
the coefficients of the power series. Not only can this be quite 
involved, but a loss of accuracy may result, 
APPENDIX I 
PREDICTED ENHANCEMENT FACTORS FOR ARGON-HELIUM 
AND ARGON-HYDROGEN 
The calculated enhancement factors for the various methods of 
prediction discussed in Chapters V and VI are summarized in the 
following tables. The calculations are reported at 10 atm intervals 
up to 120 atm for temperatures corresponding to the experimental iso-
therms. The calculations for the argon -helium system are limited to 
the 'homogeneous" methods of prediction since no Benedict-Webb-Rubin 
constants were available for helium. For the equations used in the 
calculations for each particular method the reader is referred to 
Table 11. Calculations were not made for all experimental isotherms 
for several of the "hybrid" methods of prediction. Table 21 contains 
the calculated enhancement factors for the argon-helium system. 
Table 22 contains the enhancement factors calculated for the argon-
hydrogen system by the "homogeneous" methods and Table 23 the values 
of the enhancement factors for the argon-hydrogen system calculated 
by the "hybrid" methods. 
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Table 21. Predicted Enhancement Factors for the Argon-Helium System 
P, 
atm PPGL LJCL 
Enhancement 	 1, Factor, 
KIH KIHA 
- 	- - -68.07 ° K- 	- 	_ _ 
10 1.113 1.116 1.140 1.137 1.093 
20 1.231 1.238 1.291 1.283 1.187 
30 1.356 1.367 1.455 1.441 1.285 
4o 1.488 1.504 1.632 1.611 1.386 
5o 1.628 1.648 1.824 1.794 1.491 
6o 1.776 1.80o 2.029 1.990 1.599 
70 1.933 1.96o 2.25o 2.199 1.711 
80 2.098 2.128 2.486 2.423 1.827 
90 2.272 2.304 2.739 2.66o 1.946 
100 2.455 2.488 3.008 2.913 2.068 
110 2.647 2.681 3.294 3.181 2.195 
120 2.849 2.883 3.598 3.465 2.325 
- - - -74.05° K- - _ _ 
10 1.097 1.099 1.118 1.116 1.081 
20 1.192 1.197 1.240 1.234 1.158 
30 1.292 1.300 1.370 1.360 1.236 
4o 1.397 1.407 1.508 1.493 1.317 
5o 1.506 1.518 1.655 1.634 1.40o 
(continued) 
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Table 21. Predicted Enhancement Factors for the Argon-Helium System 
(continued) 
P, 





- - - -74.05° K- - - 	- 
6o 1.621 1.635 1.810 1.783 1.485 
7o 1.741 1.755 1.975 1.940 1.572 
8o 1.866 1.881 2.149 2.105 1.661 
90 1.997 2.011 2.332 2.279 1.752 
100 2.133 2.147 2.525 2.462 1.845 
110 2.275 2.287 2.728 2.653 1.940 
120 2.424 2.432 2.942 2.854 2.038 
- 	- - -77.90 ° K- - 	- 	_ 
10 1.090 1.092 1.109 1.108 1.077 
20 1.175 1.179 1.217 1.213 1.146 
30 1.264 1.269 1.331 1.323 1.215 
4o 1.356 1.363 1.451 1.440 1.287 
50 1.452 1.460 1.578 1.562 1.359 
60 1.551 1.560 1.712 1.690 1.434 
7o 1.655 1.664 1.852 1.824 1.509 
8o 1.763 1.771 2.000 1.965 1.586 
90 1.875 1.882 2.154 2.112 1.665 
100 1.992 1.996 2.316 2.266 1.745 
110 2.113 2.114 2.485 2.426 1.827 
120 2.239 2.235 2.662 2.594 1.910 
(continued) 
194 
Table 21. Predicted Enhancement Factors for the Argon-Helium System 
(continued) 
P, 
atm PPGL LJOL 
Enhancement Factor, 
1.T.20 KIH KIHA 
- - 	- -80.06° K- - _ _ 
10 1.088 1.090 1.105 1.105 1.076 
20 1.169 1.171 1.207 1.204 1.141 
30 1.252 1.256 1.314 1.307 1.207 
40 1.338 1.343 1.426 1.416 1.273 
50 1.427 1.434 1.544 1.530 1.342 
6o 1.520 1.527 1.668 1.649 1.411 
70 1.617 1.623 1.797 1.773 1.481 
80 1.717 1.722 1.933 1.903 1.553 
90 1.821 1.824 2.075 2.038 1.626 
100 1.929 1.929 2.223 2.179 1.700 
110 2.041 2.037 2.378 2.326 1.776 
120 2.157 2.148 2.539 2.479 1.853 
- - - -86.02° K- - - - 
10 1.091 1.091 1.104 1.105 1.082 
20 1.167 1.168 1.198 1.197 1.145 
30 1.246 1.247 1.297 1.293 1.208 
40 1.327 1.328 1.399 1.393 1.272 
50 1.411 1.412 1.507 1.497 1.337 
6o 1.498 1.499 1.620 1.607 1.404 
70 1.589 1.588 1.738 1,721 1.472 
(continued) 
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Table 21. Predicted Enhancement Factors for the Argon-Helium System 
(continued) 
P, 
atm PPGL LJCL 
Enhancement Factor, 	(1, 
LJ2Q 	KIH KIHA 
- 	- - 	-86.02° K- - 	- - 
8o 1.684 1.68o 1.862 1.84o 1.541 
90 1.782 1.775 1.991 1.965 1.611 
100 1.885 1.873 2.126 2.094 1.684 
110 1.991 1.974 2.268 2.230 1.757 
120 2.102 2.078 2.416 2.371 1.832 
- - - -91.98° K- - _ _ 
10 1.092 1.091 1.100 1.102 1.085 
20 1.162 1.161 1.186 1.186 1.144 
30 1.232 1.232 1.274 1.272 1.201 
4o 1.305 1.304 1.364 1.360 1.258 
50 1.379 1.377 1.458 1.452 1.316 
6o 1.457 1.452 1.556 1.547 1.375 
7o 1.537 1.530 1.659 1.647 1.435 
8o 1.620 1.609 1.765 1.750 1.496 
90 1.706 1.691 1.876 1.857 1.558 
100 1.796 1.775 1.991 1.968 1.621 
110 1.889 1.861 2.111 2.084 1.685 
120 1.985 1.950 2.236 2.204 1.750 
(continued) 
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Table 21. Predicted Enhancement Factors for the Argon-Helium System 
(continued) 
P, 
atm PPGL LJOL 
Enhancement Factor, 
KIH KIHA 
- - 	- 	-97.51° K- - - 	- 
10 1.091 1.089 1.096 1.098 1.087 
20 1.161 1.159 1.180 1.181 1.147 
30 1.228 1.225 1.261 1.261 1.201 
4o 1.295 1.291 1.344 1.342 1.255 
5o 1.364 1.358 1.43o 1.426 1.309 
6o 1.435 1.427 1.518 1.513 1.363 
7o 1.508 1.497 1.610 1.603 1.418 
8o 1.584 1.569 1.706 1.696 1.473 
go 1.663 1.642 1.805 1.792 1.53o 
loo 1.744 1.717 1.908 1.892 1.587 
lio 1.829 1.794 2.015 1.995 1.645 
120 1.917 1.873 2.126 2.103 1.704 
- - - 	-108.02° K- - - - 
10 1.069 1.068 1.069 1.071 1.068 
20 1.159 1.155 1.167 1.170 1.151 
30 1.228 1.223 1.248 1.250 1.210 
40 1.293 1.286 1.326 1.327 1.263 
50 1.358 1.348 1.404 1.405 1.315 
6o 1.423 1.411 1.484 1.484 1.366 
(continued) 
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Table 21. Predicted Enhancement Factors for the Argon-Helium System 
(concluded) 
P, 
atm PPGL LJCL 
Enhancement Factor, 
LJ2Q 	KIH KIHA 
- - - -108.02 ° K- - 	- - 
70 1.491 1.474 1.567 1.565 1.416 
8o 1.561 1.538 1.652 1.648 1.467 
go 1.633 1.603 1.74o 1.735 1.518 
100 1.708 1.669 1.831 1.824 1.570 
110 1.785 1.737 1.926 1.917 1.622 
120 1.866 1.806 2.024 2.013 1.675 
Table 22. Predicted Enhancement Factors for the Argon-
Hydrogen System. Homogeneous Methods. 
P, 
atm BWR PPGL 
Enhancement Factor, 
LJCL 	LJ3Q KIH 
- 	- 	- 68.o14° K- - - - 
l0 1.385 1.399 1.394 1.419 1.407 
20 1.930 1.971 1.966 2.038 2.001 
30 2.696 2.789 2.802 2.962 2.872 
40 3.755 3.957 4.033 4.353 4.156 
5o 5.181 5.606 5.849 6.458 6.054 
6o 7.043 7.904 8.534 9.665 8.865 
7o 9.397 11.056 12.516 14.612 13.054 
8o 12.281 15.317 18.495 22.499 19.416 
go 15.715 21.021 27.824 36.421 29.625 
* _. 
100 19.705 28.652 44.387 49.755 
* * 
110 24.240 39.037 - - 
120 29.301 53.956 - _ 
- 	- - -73.05° K- - - - 
10 1.315 1.326 1.323 1.343 1.334 
20 1.734 1.763 1.760 1.818 1.788 
30 2.287 2.350 2.356 2.476 2.411 
4o 3.009 3.134 3.170 3.394 3.264 
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(continued) 
Table 22. Predicted Enhancement Factors for the Argon-





PPGL 	LJCL LJ3Q, KIH 
- - - -73.05 ° K- - 	- 
50 3.933 4.173 	4.28o 4.678 4.435 
6o 5.092 5.542 	5.799 6.485 6.047 
7o 6.515 7.329 	7.884 9.059 8.283 
8o 8.222 9.647 	10.779 12.826 11.440 
90 10.230 12.645 	14.906 18.720 16.081 
100 12.549 16.538 	21.198 - 23.737 
110 15.181 
* 
21.673 	 - - 
* 
- 
120 18.128 28.739 	 - 
- - - -79.01 ° K- - - - 
10 1.258 1.264 	1.262 1.278 1.272 
20 1.582 1.600 	1.599 1.644 1.623 
3o 1.989 2.028 	2.033 2.122 2.077 
4o 2.497 2.569 	2.591 2.751 2.666 
5o 3.122 3.252 	3.311 3.579 3.431 
6o 3.88o 4.112 	4.243 4.683 4.433 
7o 4.788 5.192 	5.459 6.175 5.759 
8o 5.859 6.546 	7.066 8.255 7.554 




Table 22. Predicted Enhancement Factors for the Argon-
Hydrogen System. Homogeneous Methods. 
(continued) 
P, 




 LJ3Q KIH 
100 8.543 
- 	- - -79.01° K- - - - 
10.417 	12.453 - 14.255 
110 10.176 13.231 - - - 
120 12.016 17.073 - - 
- -86.95° K- - 
10 1.199 1.199 1.198 1.210 1.206 
20 1.436 1.443 1.444 1.476 1.463 
3o 1.720 1.735 1.741 1.8o4 1.776 
40 2.057 2.086 2.104 2.211 2.162 
50 2.454 2.507 2.548 2.720 2.638 
6o 2.918 3.011 3.093 3.362 3.231 
7o 3.455 3.614 3.768 4.187 3.98o 
8o 4.072 4.338 4.619 5.284 4.954 
go 4.774 5.209 5.722 6.856 6.288 
100 5.565 6.267 7.249 - 8.424 





120 7.434 9.233 
(continued) 
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Table 22. Predicted Enhancement Factors for the Argon-
Hydrogen System. Homogeneous Methods. 
(continued) 
P, 





- - - -94.210 K- - - 	- 
10 1.160 1.158 1.157 1.165 1.164 
20 1.354 1.355 1.356 1.380 1.372 
3o 1.577 1.581 1.587 1.634 1.617 
4o 1.834 1.843 1.860 1.939 1.908 
5o 2.129 2.147 2.183 2.308 2.256 
6o 2.466 2.500 2.567 2.759 2.679 
7o 2.846 2.910 3.030 3.322 3.199 
8o 3.275 3.387 3.597 4.052 3.859 
90 3.753 3.944 4.312 5.079 4.753 
* * 
100 4.283 4.597 5.275 
110 4.866 5.374 
_* 
- - 
120 5.503 6.318 - 
- - - -99.95° K- - - 	- 
10 1.129 1.128 1.127 1.132 1.132 
20 1.302 1.300 1.301 1.319 1.315 
30 1.493 1.492 1.498 1.535 1.523 
4o 1.708 1.709 1.724 1.787 1.766 
5o 1.951 1.956 1.988 2.087 2.052 
(continued) 
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Table 22. Predicted Enhancement Factors for the Argon-








- - - -99.95 ° K- - - 
6o 2.223 2.237 	2.296 2.448 2.392 
70 2.527 2.558 	2.66o 2.892 2.807 
8o 2.863 2.924 	3.100 3.463 3.331 
go 3.232 3.345 	3.65o 4.281 4.049 
loo 3.635 3.83o 	4.393 - 
-* 
110 4.069 4.397 	 - 
120 4.534 5.074 - - 
- -105.01° K- - - 
10 1.098 1.098 	1.097 1.100 1.101 
20 1.259 1.258 	1.258 1.272 1.270 
30 1.430 1.429 	1.433 1.462 1.455 
4o 1.618 1.618 	1.630 1.682 1.667 
5o 1.827 1.830 	1.856 1.939 1.914 
6o 2.058 2.069 	2.117 2.245 2.206 
7o 2.313 2.339 	2.424 2.620 2.559 
8o 2.590 2.645 	2.792 3.105 3.006 
* * 
go 2.891 2.993 	3.251 
* 
100 3.212 3.394 
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Table 22. Predicted Enhancement Factors for the Argon-
Hydrogen System. Homogeneous Methods. 
(concluded) 
	
P, 	 Enhancement Factor, 1. 
atm BWR 
	
PPGL 	LJCL 	LJ3Q 	 KIH 
- - - -105.010 K- - - - 
lio 	3.552 	3.863 
120 	3.906 	4.432 - - 
* 
At this pressure the solution of the appropriate enhancement factor 
or equation of state failed to converge. 
Table 23. Predicted Enhancement Factors for the Argon- 
Hydrogen System. Hybrid Methods 
P, 
atm Bl B3 	B4 
Enhancement Factor, (1, 
 B5 	H1 	H2 H3 H5 	H6 
- - - -68.04° K- - 
10 1.399 1.416 1.405 1.400 1.399 1.405 1.416 
20 1.971 - 	2.021 1.984 1.974 1.971 1.984 - 	2.021 
30 2.782 - 	2.891 2.805 2.791 2.782 2.805 - 	2.891 
4o 3.911 - 	 4.122 3.947 3.937 3.912 3.947 4.123 
5o 5.443 - 	5.819 5.494 5.503 5.445 5.496 - 	5.821 
6o 7.457 - 	8.087 7.53o 7.583 7.463 7.537 - 	8.095 
7o 10.018 - 	11.019 10.128 10.261 10.038 10.147 - 	11.042 
8o 13.173 - 	14.689 13.344 13.608 13.222 13.392 14.747 
90 16.947 - 	19.148 17.223 17.683 17.055 17.326 - 	19.276 
100 21.346 - 	24.421 21.787 22.534 21.558 21.992 -  
110 26.357 - 	30.511 27.045 28.200 26.741 27.423 30.989 
120 31.954 - 	37. 400 32.994 34.715 32.603 33.642 38.226 
- - 	- -73.05° K- 	- - 	_ 
10 1.326 - 	1.341 1.332 - 1.332 - 	1.341 
20 1.763 - 	1.807 1.778 - - 1.778 - 	1.807 
30 2.344 - 	2.435 2.372 - - 2.372 - 	2.435 
4o 3.105 - 	3.271 3.152 - - 3.152 - 	3.272 




Table 23. Predicted Enhancement Factors for the Argon- 
Hydrogen System. Hybrid Methods 
(continued) 
	
P, 	 Enhancement Factor, 
atm Bl 	B3 	B4 	B5 	H1 	H2 	H3 	H5 	H6 
























90 10.799 	- 12.228 11.143 - - 11.187 	- 12.282 
100 13.280 	- 15.246 13.774 - - 13.862 	- 15.356 
110 16.096 	- 18.728 16.795 - - 16.960 	- 18.936 
120 19.243 	- 22.678 20.215 - - 20.504 	- 23.047 
- - - -79.01° K- - 	- 	- 
10 1.263 	- 1.277 1.270 1.266 1.263 1.270 	- 1.277 
20 1.599 	- 1.636 1.615 1.604 1.599 1.615 	- 1.636 
30 2.022 	- 2.095 2.051 2.032 2.022 2.051 	- 2.095 
4o 2.549 	- 2.677 2.597 2.571 2.549 2.597 	- 2.677 
5o 3.197 	- 3.404 3.272 3.241 3.198 3.272 	- 3.405 
6o 3.984 	- 4.302 4.095 4.064 3.985 4.097 	- 4.303 
70 4.924 5.393 5.086 5.063 4.927 5.090 5.398 
8o 6.030 	- 6.702 6.262 6.259 6.039 6.271 	- 6.714 
go 7.314 	- 8.25o 7.64o 7.677 7.335 7.662 8.276 
(continued) 
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Table 23. Predicted Enhancement Factors for the Argon- 
Hydrogen System. Hybrid Methods 
(continued) 
	
P, 	 Enhancement Factor, 
atm B1 	B3 	B4 	B5 	H1 	H2 	H3 	H5 	H6 
- - - -79.01° K- - - 
100 8.786 - 	10.057 	9.238 	9.344 8.826 9.281 10.110 
110 10.450 - 	12.140 	11.069 	11.289 10.525 11.151 - 12.242 
120 12.310 - 	14.512 	13.148 	13.547 12.442 13.295 - 14.699 
- - - -86.95 ° K- - 	- 	- 
10 1.198 - 	1.208 	1.204 	1.203 1.198 1.204 - 1.208 
20 1.441 - 	1.468 	1.455 	1.448 1.441 1.455  - 1.468 
3o 1.729 - 	1.783 	1.756 	1.743 1.729 1.756 - 1.783 
40 2.072 - 	2.162 	2.115 	2.095 2.072 2.115 - 2.162 
5o 2.473 2.613 	2.538 	2.513 2.473 2.538 - 2.614 
6o 2.940 - 	3.147 	3.034 	3.006 2.941 3.035 3.148 
7o 3.477 3.772 	3.610 	3.583 3.479 3.612 - 3.774 
8o 4.089 - 	4.497 	4.272 	4.253 4.093 4.277 - 4.502 
90 4.779 - 	5.33o 	5.028 	5.026 4.788 5.038 - 5.342 
100 5.549 - 	6.279 	5.882 	5.913 5.567 5.902 - 6.302 
110 6.401 - 	7.349 	6.841 	6.928 6.433 6.878 - 7.394 
120 7.334 _ 	8.545 	7.907 	8.087 7.390 7.974 - 8.628 
- - - -94.21° K- - 	- 
10 1.156 1.154 1.162 	1.161 	- - 1.161 1.154 1.162 
20 1.351 1.347 1.371 	1.363 1.363 1.347 1.371 
(continued) 
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Table 23. Predicted Enhancement Factors for the Argon- 
Hydrogen System. Hybrid Methods. 
(continued) 
P, 
atm B1 B3 B4 
Enhancement Factor, 
B5 	H1 	H2 	H3 H5 H6 
- - - -94.21° K- - 
3o 1.574 1.569 1.614 1.597 	- 1.597 1.569 1.614 
4o 1.83o 1.822 1.896 1.866 - 	1.866 1.822 1.896 
50 2.121 2.109 2.223 2.176 - 	2.176 2.110 2.223 
6o 2.45o 2.434 2.599 2.529 - 	2.529 2.434 2.599 
7o 2.819 2.797 3.027 2.928 - 	2.929 2.798 3.028 
8o 3.23o 3.198 3.511 3.377 	- - 	3.38o 3.201 3.514 
90 3.682 3.639 4.055 3.878 	- 3.884 3.644 4.062 
100 4.176 4.119 4.661 4.432 	- - 	4.444 4.128 4.675 
110 4.711 4.635 5.330 5.040 	- - 	5.062 4.652 5.356 
120 5.283 5.184 6.061 5.702 	- - 	5.741 5.213 6.107 
10 1.124 - 1.127 1.127 	- - 	1.127 - 1.127 
20 1.294 - 1.308 1.304 	- - 	1.304 1.308 
30 1.482 - 1.513 1.502 	- - 	1.502 - 1.513 
4o 1.693 - 1.745 1.724 - 	1.724 - 1.745 
5o 1.928 - 2.008 1.975 	- - 	1.975 - 2.008 
6o 2.189 - 2.304 2.256 	- - 	2.256 - 2.304 
7o 2.476 - 2.636 2.568 	- - 	2.569 - 2.637 
8o 2.789 3.004 2.912 	- - 	2.914 3.006 
(continued) 
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Table 23. Predicted Enhancement Factors for the Argon- 
Hydrogen System. Hybrid Methods. 
(concluded) 
	
P, 	 Enhancement Factor, 
atm B1 	B3 	B4 	B5 	H1 	H2 	H3 	H5 	H6 
- -99.95° K- - 
90 3.128 - 	3.410 3.289 - - 3.294 - 	3.415 
100 3.491 - 	3.853 3.699 - - 3.708 	- 3.863 
110 3.875 - 	4.331 4.139 - - 4.155 - 	4.350 
120 4.277 4.842 4.607 - - 4.634 	- 4.875 
- - -105.01 ° K- - 	- 	- 
10 1.092 - 	1.093 1.094 1.098 1.092 1.094 1.093 
20 1.249 - 	1.258 1.256 1.260 1.249 1.256 	- 1.258 
30 1.414 - 	1.437 1.430 1.432 1.414 1.430 	- 1.437 
40 1.596 - 	1.636 1.622 1.622 1.596 1.622 	- 1.636 
50 1.795 - 	1.858 1.835 1.833 1.795 1.835 	- 1.858 
60 2.012 - 	2.104 2.070 2.067 2.013 2.070 	- 2.104 
70 2.248 2.375 2.326 2.326 2.248 2.327 	- 2.376 
80 2.500 - 	2.671 2.605 2.609 2502 2.607 2.673 
90 2.768 - 	2.991 2.905 2.918 2.771 2.909 	- 2.995 
100 3.049 - 	3.333 3.224 3.251 3.055 3.231 	- 3.341 
110 3.341 - 	3.695 3.558 3.606 3.351 3.571 	- 3.709 
120 3.637 - 	4.070 3.905 3.982 3.654 3.926 	- 4.095 
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